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Abstract
This thesis work regards the study of the turbulent isokinetic mixing processes with
stratified and unstratified fluids. The experiments are carried out in the GEMIX
facility, installed at the Swiss research centre Paul Scherrer Institut, belonging to
the ETH Zu¨rich Domain: two co-current streams at different densities are fed to
the square channel of the facility and let freely to mix after a splitter plate. The
mixing process is studied with PIV and LIF laser techniques. The density differ-
ence between the streams is imposed adding different quantities of sugar to one of
them and is in the range of 0% to 5%; the experiments are performed also with
different Re numbers, which is in the range of Re = 10000 to Re = 50000. By PIV,
statistical quantities as mean velocities, standard deviations, Reynolds Stresses and
Turbulent Kinetic Energy are calculated, while in the case of LIF measurements the
attention is focused on mean and RMS concentration profiles. Moreover, a dimen-
sionless analysis of the flow recorded with LIF is presented. A CFD simulation is
compared with experimental measurements, adopting a LES approach, and a rea-
sonable agreement between numerical and experimental results is observed. The
main goals of this work are the analysis of the measurements performed and to
provide data and results for the validation of CFD codes.
Sommario
Il presente lavoro di tesi concerne lo studio del miscelamento turbolento fra fluidi
stratificati e non stratificati, in condizioni isocinetiche. L’attivita` sperimentale e`
stata condotta sulla facility GEMIX, installata presso il centro di ricerca svizzero
Paul Scherrer Institut, dell’ETH Zu¨rich Domain. Due correnti parallele e a differ-
ente densita` sono fornite in ingresso al canale a sezione quadrata della facility e
lasciate libere di miscelarsi alla fine di un piano di divisione. Il processo e` studiato
con le tecniche laser PIV e LIF. La differenza di densita` e` imposta aggiungendo
differenti quantita` di zucchero ad una delle due correnti, ed e` compresa fra 0% e
5%; le misurazioni sperimentali sono state condotte prendendo in considerazione
diverse velocita` delle correnti, tali che il numero di Reynolds fosse compreso fra
Re = 10000 e Re = 50000. Per quanto riguarda le misure con la tecnica PIV,
esse sono state utilizzate per calcolare quantita` statistiche, quali medie di velocita`,
deviazioni standard e sforzi di Reynolds, mentre nell’attivita` svolta con la tecnica
LIF, l’attenzione e` stata focalizzata sullo studio dei profili di concentrazione media
e di RMS. Inoltre e` presentata un’analisi adimensionale del processo di mixing os-
servato con LIF. Nel lavoro, in parallelo alle misure sperimentali, e` stata eseguita
una simulazione di CFD, adottando un modello LES ed e` proposto un confronto fra
risultati sperimentali e numerici che mostra un ragionevole accordo fra di loro. Gli
obiettivi di questo lavoro sono l’analisi sperimentale del processo di miscelamento
turbolento e, allo stesso tempo, fornire dati e risultati per la validazione di codici
di CFD in grado di permettere una migliore comprensione del fenomeno.
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Chapter 1
Introduction
“Begin at the beginning”, the King said gravely
“and go on till you come to the end: then stop.”
Alice’s Adventures in Wonderland,
Lewis Carroll (1832 - 1898)
T
urbulent mixing processes are widely present in everyday life: they may
consist in simple cases, e.g. the mixing of milk and coffee during breakfast
or the wind which blows over a lake, or very important and complex processes,
e.g. the combustion reactions which happen between fuel and air in an industrial
burner. Concerning turbulent flows, we usually observe mixing between fluids under
a density gradient and, in particular, we observe mixing between stratified fluids.
Stratified fluids have been studied in depth in the past, since they are common
in nature, e.g. the stratification of the oceans or of the atmosphere; moreover, it
is relatively simple to reproduce them in laboratory. Mixing in stratified fluids de-
pends on the nature of the external operating forces and on the stratification. We
can make a basic difference between shear and free-shear (in the widest meaning,
free to develop) flows. Examples of free-shear flows are the far-wake, the jet and the
mixing layer, which is common in particular behind a splitter plate when boundary
layers of the fluids start merging themselves. As we can find in literature, experi-
ments concerning the study of turbulent interfaces without shear have been usually
conducted introducing turbulence from an external source, often an oscillating grid,
in a stratified fluid; then turbulence reaches the interfacial surface by turbulent dif-
fusion. In practical situations, a velocity shear is observed at the interface between
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two fluids and the mixing is controlled by turbulent eddies in the mixing layer or by
interfacial instabilities, which also rule the entrainment. Many reviews and reports
exist in literature concerning stratified fluids, as published by Fernando (1991) and
by Thorpe (1973). The entrainment between turbulent flows were studied in deep,
as reported by Briggs et al. (1996). Important experiments were performed concern-
ing the decay of grid generated turbulence as published by Mohamed and LaRue
(1990) and by Dickey and Mellor (1980) and, in general, about the structures of
turbulent density interfaces (Crapper and Linden (1973)).
Concerning industrial plants and, in particular, nuclear power plants, the tur-
bulent mixing of coolant at different properties is also of great interest, e.g. the
concentration of Boron in water, while the study of stratified fluids is of interest for
both metal and water cooled reactors. Mixing between two fluids at different tem-
perature or between fluids subjected to stratification due to temperature differences
is also under study for the monitoring and the assessment of the effects of temper-
ature fluctuations on thermal fatigue, which degradates the mechanical properties
of the materials subjected to cyclic thermal stresses (Fokken et al. (2009)).
The main goal of this thesis is the study of turbulent isokinetic mixing process
with stratified and unstratified fluids. The work has been performed from July to
December 2009, during a semestral work stage at the Swiss research centre Paul
Scherrer Institut (PSI), belonging to the ETH Zu¨rich Domain. Experimental mea-
surements have been performed on GEMIX, which is a facility located at PSI and
which is purposely designed to study the effects of density differences as well as
the effects of viscosity and temperature differences on turbulent mixing, which is
realized between two co-flowing streams; in particular, the influence of the Reynolds
number on the mixing layer was investigated. Concerning the experimental activity,
a new inlet section for the fluid streams to the facility was set up on GEMIX during
this thesis work and the effects on the mixing of changing the inlet flow conditions
was studied, performing a comparison with measurements made during a previous
experimental session (performed by C. Dyck, University of Calgary). The turbu-
lent mixing process was observed and studied with laser techniques, which allow to
adopt a non-intrusive and non-perturbating approach: Particle Image Velocimetry
and Laser Induced Fluorescence have been used.
Since turbulent mixing processes have a strong importance both in natural events
and for industrial plants, the ability in predicting and in modelling different situ-
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ations is particularly important. CFD numerical codes are used in this way and
there is a continuous need of experimental data and results to validate the im-
provements obtained by the different softwares; the different models are suitable
for particular situations and could show different results under the same boundary
conditions, making the validation process particularly hard and difficult. In this
thesis, the turbulent mixing process has been also investigated with a numerical
approach, performing simulations with the CFD FLUENT code and making use
of a LES model (results obtained by S. Kuhn, Assistant Professor at Paul Scherrer
Institut); however the main contribution of the work performed in this thesis should
be considered as essentially experimental. The data collected during the measure-
ments can be used for testing present codes and for the development of new mixing
CFD models. Providing data for the validation of the CFD codes is one of the most
important target for the performed experiments.
In summary, the goals of this thesis are
• the study of the turbulent isokinetic mixing processes with stratified and un-
stratified fluids;
• to compare the results obtained with those collected in a previous campaign,
characterized by different inlet conditions and differences in the main compo-
nents of the facility used;
• to check the ability of the CFD FLUENT code, adopting a LES approach, to
match experimental results;
• to provide a set of data for the validation of CFD codes.
The work is organized as follows. First, a general description of the facility and
of the used laser techniques is reported, taking particular attention in the analysis
of their strenght points and to describe which measurements are possible for each
technique (Chapter 2 ). Then a brief description of the basic equations used in
modelling turbulent phenomena is presented (Chapter 3 ); furthermore, the equa-
tions used to interpret turbulence and to obtain a statistical description of turbulent
flows are shown. The presentation of the obtained results, both for experimental
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and numerical results, both for PIV and LIF techniques follows (Chapter 4 ). Then
the conclusions about the measurments done are discussed (Chapter 5 ). In the ap-
pendices, a detailed description of the different parts of GEMIX (Appendix A) and
the description of the fluorescent dye used for LIF measurements (Appendix B) are
reported.
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Chapter 2
Experimental setup
Where there is much light, the shadow is deep.
Johann Wolfgang von Goethe (1749 - 1832)
T
he experimental facility is described in the following section together with
the main components of the water loop; a brief overview on the experimen-
tal techniques used, namely Particle Image Velocimetry (PIV) and Laser Induced
Fluorescence (LIF) is provided.
2.1 GEMIX
GEMIX (GEneric MIing eXperiments) is a facility located at the Paul Scherrer
Institut. It is designed to investigate the turbulent mixing process between co-
current isokinetic streams, for different strengths of stratified as well as unstratified
conditions. The facility consists in an acrylic glass channel, with a square cross-
section of A = 50× 50 mm, as it is reported in figure 2.1.
The water loop driving the GEMIX facility is open, such that the “used” water is
drained to the canalization after each experiment. Both streams are fed with filtered
water from two tanks with a volume of Vtank = 2000 l each. As fluids, tap water
(TAP stream) and demineralized water (DEMI stream) are used. The necessary
density gradients for the present experiments are either adjusted by means of a
temperature difference for the weak stratification cases or by adding sugar to the
tap water stream. For all the performed measurements, the ligher fluid is in the
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Figure 2.1: Schematic of the test section depicting the end of the conditioning section
with the splitter plate separating both streams(left) and the beginning of the
mixing section (right). Dimensions are given in mm.
upper half part of the channel, establishing a stable stratification at the end of the
splitter plate.
Both streams are initially separated by a splitter plate. The two fluid streams
enter the test section through the conditioning section. Before entering into the test
section, the streams pass through honeycombs and grids, schematically depicted in
figure 2.2 and figure 2.3, which have the function to make the velocity profiles
flat and free from rotational components at the tip of the splitter plate, where the
mixing between the two fluids starts; the grids are also important because they
perturb the fluids introducing turbulence and destroying the boundary layers.
For the present experiments a new inlet section was installed. The choice of a
new inlet was made in the attempt to improve the old one and to have smoother
and flatter profiles at the tip of the splitter plate: the old section had two grids for
each leg channel which did not cover the whole cross-section, leaving undisturbed
the lower part of the streams and biasing the profiles. Moreover the new inlet should
ensure totally smooth surfaces along inside the channel. Another reason was that
the splitter plate tip of the old inlet was made of acrylic glas. Arcylic glas starts
to swell after some time in contact with water. So, a wave inside the splitter plate
tip was observed, which led to poor results. The new splitter plate tip is mad of
stainless steel, highly precise worked (electro eroded). Although the purpose of the
new and old inlets is the same, they are different in several aspects; the new inlet is
much smaller in length than the new one (Lnew = 820 mm versus Lold = 1245 mm)
and for the new inlet the upper and the lower channel are inclined by an angle of
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α = 3◦ with respect to each other: this value allows to have enough space for the
screws needed to mount the inlet hoses and it is small enough to consider the two
streams more or less horizontal. Moreover, an another reason for the choice of a
new inlet was that the old inlet had, due to its design, not a cross sectional area of
25×50 mm in each leg: it was only 24×50 mm. This, because the splitter plate had
a thickness of 2 mm. This led to a deceleration of the flow in the mixing section.
The new wedge shaped inlet with its small angle (α = 3◦) provides a cross sectional
area of 25× 50 mm in both (upper and lower) legs. The most important difference
between the two inlet is in the position of the grids: in the new test section three
grids are collocated at a distance of x1 = 80 mm, x2 = 300 mm and x3 = 520 mm,
respectively from the tip of the splitter plate, while the old inlet had two grids at
x1 = 200 mm and x2 = 700 mm, respectively. The sketch of the old and the new
inlet are shown in figure 2.2 and in figure 2.3.
162 mm 1245 mm
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Figure 2.2: Sketch of the old inlet section.
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Figure 2.3: Sketch of the new inlet section.
The experimental measurements are performed in the test section, downstream
the inlet. During the present experiments, PIV and LIF laser techniques were used
to investigate the mixing process, examining the velocity field and the concentration
field, respectively. The measurements were performed immediately after the tip of
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the splitter plate, for downstream distances up to Lexp ≈ 500 mm. The alignment
of the laser system as well as the test section were performed; particularly attention
was taken in the alignment of the laser beams and in their shape, required as circular
as possible.
DEMI
TANK
TAP
TANK
P
P
T
T
GEMIX Test section
CamA CamB
Figure 2.4: Sketch of the GEMIX facility.
Both PIV and LIF techniques use the same Nd:YAG laser. It emits monochro-
matic green light with a wavelength of λlaser = 532 nm, with an high energy of
E = 200 mJ , which is bundled into a thin light sheet, illuminating a plane in the
middle of the channel. The images of the illuminated flow are recorded by two
Kodak Megaplus ES 1.0 cameras, placed in front the test section at a distance of
Lcamera = 800 mm from the light sheet; both cameras have a field-of-view (FOV) of
FOV = 250 × 250 mm. The CCD chip for each camera has a resolution of 1008V
×1018H pixels and a frame rate of recording of f = 15 Hz (≈ 66.6ms); different ∆t
delaies between two successive laser pulses are chosen for each PIV measurement.
The camera outputs 8 bit digital images with up to 256 gray levels per pixel. The
lenses used, both for PIV and LIF, are two NIKKOR lenses with a focal length of
f = 28 mm, set on f-stop f/4.
Downstream of the test section, a water basin with a volume of Vbasin = 50 l is
located; it collects the water from both streams, which is drained to the drainage.
The basin also ensures the filling of the channel with water during the experiments
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and avoids the presence of bubbles during the measurements. The general sketch
of GEMIX is reported in figure 2.4.
2.2 Particle Image Velocimetry
Particle Image Velocimetry (PIV) is an optical technique suitable to measure flow
velocities; it gives velocity information about the whole field illuminated by a laser
light, measuring the particle displacement ∆x during a given time interval ∆t (Grant
(1997), Raffel et al. (1998), Mayinger and Feldmann (2001)). What is effectively
measured is therefore the velocity of the tracer particles, which corresponds to the
velocity of the flow (sketch in figure 2.5).
Δx
Δt
22.26 mm
Image Plane
Figure 2.5: Principles of PIV measurements.
The particles have to be illuminated twice by a laser light sheet. The light sheet
is generated by expanding the laser beam with a cylindrical lense. The laser used
provides a green light at λlaser = 532 nm, with a pulse time length of ∆tpulse = 6
ns. Green laser light is also suitable for other otpical measurements, like LIF, since
its wavelength is in good agreement with the absorption wavelength of the most
common dyes.
The light is then scattered by the seeding particles and recorded on the CCD
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cameras, set on a double-frame single exposure mode and recorded in two images.
For the analysis, the image plane is subdivided into the so called interrogation
windows. The particles ensemble recorded with the first pulse in one interrogation
window move by the distance ∆x until they are illuminated by the second pulse
(Raffel et al. (1998)). Once the particles displacement is known, the velocity of the
particles ensemble in one interrogation window can be calculated from
v =
∆x
∆t
(2.1)
The basic assumption made is that the particles placed in one interrogation win-
dow, move homogeneously between two successive frames. The time delay between
the pulses has to be chosen in order to determine the displacement of the seeding
particles with a sufficient resolution.
As the velocity flow field is determined by the information carried by the tracer,
the density and the size of the seeding particles have a strong influence on the qual-
ity of PIV measurement. The intensity of the recording images is proportional to
the light scattered from the tracer, which is proportional to the size of the seeding
particles. The increase of the scattering efficiency with the use of larger particles
is limited by the fact that the noise in the calculated velocities will increase signif-
icantly (Raffel et al. (1998)). Moreover it must be taken in account that, due to
optical diffraction, the size of the particle images is larger than the size of the real
particles (Mayinger and Feldmann (2001)). For the PIV measurements made for
this work, VESTOSINT 2158 polyamide seeding from Degussa is used, character-
ized by an average size of dparticles ≈ 20 µm.
The images are recorded by the two cameras, syncronized with the laser, and
stored in a PC. Before executing the experiments a calibration is made to map the
physical space to the pixel space. For the present experiments, a calibration target
having a length of Ltarget = 500 mm and a height of htarget = 48 mm was used,
signed by small circular dots ddot = 4 mm diameter, separated horizontally and
vertically by ∆gap = 10 mm, as shown in figure 2.6.
The basic analysis, i.e. the calculation of the velocity field, was done with
the software package DaVis from LaVision (LaVision (2008)). Subsequent analy-
sis steps, i.e. the calculation of statistical quantities, was done with the software
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Figure 2.6: Calibration target used for PIV and LIF measurments.
Matlab. The size of the interrogation window should be small enough to avoid the
influence of velocity gradients on the results (Raffel et al. (1998)); moreover, the
interrogation window determine the spatial resolution of the velocity field. The dis-
placement of the vectors for each window is obtained applying a cross-correlation
technique (Raffel et al. (1998), Bernard and Wallace (2002)). For the experimental
measurements made in this work, the images have been analyzed using a multi-
pass, decreasing window size approach, with an initial interrogation window size of
64 × 64 pixels to 12 × 12 pixels, with 50% overlap. From the calibration it results
that 1pixel ≈ 0.25 mm: the spatial resolution is around 1.5 mm. Using two inter-
rogation windows having a size of N ×M , the cross-correlation plane Rmn can be
calculated as follows:
R(m,n) =
M∑
i=0
N∑
j=0
I1(i, j) · I2(i+m, j + n) (2.2)
where I1,2 is the recorded pixel intensity in each frame. With the cross-correlation
technique, we obtain a distinct peak above the noise level of the correlation map,
as shown in figure 2.7, which allows to detect the particles displacement, being
the distance from the centre of the interrogation window to the correlation peak
location.
In general the PIV technique provides a good way to measure a velocity flow field.
Its strength is the capability to measure a whole field and its non-intrusive nature.
However, PIV is a very sensitive technique, which may be affected by different error
sources, such as an incorrect choice of seeding particles and their size, the presence of
particles having an out-of-plane velocity component with respect to the light sheet
and systematic errors in the evaluation of the recordings. For the measurements
made, the presence of bubbles in the upper part of the channel represented a severe
problem: bubbles hide the part of the channel below them, avoiding the laser sheet
to illuminate particles; they also scatter much more light than seeding particles,
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Figure 2.7: Cross-correlation peak obtained in the determination of particle image dis-
placement (from Raffel et al. (1998)).
biasing the calculated velocities around their location. Moreover, the part of the
channel near the upper and lower wall show a strong reflection, so, a screen was
used to avoid this problem.
2.3 Laser Induced Fluorescence
Laser Induced Fluorescence (LIF) is a technique which allows measuring concentra-
tion and temperature fields of a flow. In this work, it has been used only to measure
the concentration field (Mayinger and Feldmann (2001)).
LIF is based on the natural fluorescence of certain atoms and molecules. High
density energy laser ligth emitted at a certain wavelength excites the atoms or
molecules, promoting their transition from a stable low energy level E1 to an excited
instable level E2. Usually the atoms drop back in the low level E1 after a short time
period, emitting a photon with energy E1 − E2 = hν, where ν is the frequency of
the emitted light and h is the Planck’s constant. The intensity of the fluorescence
signal is used to determine the concentration field in the examined flow. Since the
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fluorescence is due to the transition of the molecules from the upper excited to
the lower energy level, the intensity of the signal is proportional to the density of
the fluorescent molecules in the flow. The fluorescence light is then captured and
recorded in images by a CCD camera. LIF is a very selective laser techniques, in
the sense that the fluorescent molecules emit photons only if hit with light with the
wavelength in a certain range, which is different for different fluorescents, so, the
recorded images are strongly representetive of the chosen emitter. In general LIF
is a good non-intrusive technique, characterized by a high signal strength, which
makes LIF suitable for measurements needing a high time and space resolution.
In performing LIF measurements for this work, the same experimental equip-
ment used for PIV measurements was adopted. The laser used is a Nd:YAG
frequency-doubled (λlaser = 532 nm) set on a single pulse mode, which illuminates
a 2D portion of the test section up to 500 mm downstream the tip of the splitter
plate. Sulforhodamine G has been used as dye. The images have been recorded
by the two Kodak cameras, placed in a normal direction to the light sheet and set
to a single frame, single exposure mode. The calibration for LIF measurements is
conducted with the same calibration target used for PIV experiments and shown in
figure 2.6. Evaluating the concentration field with LIF, requires also the acquisition
of background images for each camera, obtained recording a pair of images with the
lens shutters covered with the plugs; the backgroung images are then subtracted
from the LIF recordings.
Also for LIF, a prelimiary statistical evaluation was made with DaVis software
from LaVision (LaVision (2008)) and the resulting images were then imported to
the software Matlab to extract the concentration profiles and to fit the data to
appropriate functions.
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Basic statistical concepts in
turbulent flow
I have yet to see any problem, however
complicated, which, when you looked at it in the
right way, did not become still more complicated.
Poul Anderson (1926 - 2001)
I
n this chapter the most important equations and the quantities used for the
analysis of the performed measurements, are described. Additionally a brief
introduction to the study of turbulent flows is given.
3.1 Fundamental equations
The equation of continuity, together with Navier-Stokes equations, form a com-
plete system which can describe in detail the fluid motion. For an incompressible
fluid with a constant viscosity, these equations can be expressed using the Einstein
summation convention as follows (Bernard and Wallace (2002))
∂ui
∂xi
= 0 (3.1)
ρ
(
∂ui
∂t
+ uj
∂ui
∂xj
)
=
∂σij
∂xj
+ ρg (3.2)
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where ui is the velocity in the i−direction, xi the i−coordinate with i = 1, 2, 3, ρ the
density and g the gravity; σij expresses the stress tensor, which for an incompressible
laminar flow of a newtonian fluid can be written as
σij = −pδij + µ
(
∂ui
∂xj
+
∂uj
∂xi
)
− 2
3
µ
(
∂ui
∂xi
)
(3.3)
where p is the pressure, µ is the dynamic viscosity and δij is the Kronecker delta.
The presence of a possible passive scalar C transported by the flow is assumed
not to affect the fluid motion. In this case, considering a passive scalar C as C(x, t)
we can obtain the following equation describing its behaviour by convection-diffusion
approach (Bernard and Wallace (2002))
∂C
∂t
+ uj
∂C
∂xj
= D
∂2C
∂x2j
+ q (3.4)
where D is the coefficient of mass diffusion and q is a source term. Solving the
equations 3.1 and 3.2 analytically is only possible for some special cases and several
techniques exist for solving “simplified” Navier-Stokes equations. In this work, the
Reynolds decomposition is used: so the instantaneous value of the general turbulent
quantity φ is expressed as the sum of the averaged component plus the fluctuating
component
s = s+ s′ (3.5)
s =
1
∆t
∫ t+∆t/2
t−∆t/2
s dt (3.6)
Adopting the Reynolds decomposition, the Navier-Stokes equations can be re-
arranged to obtain RANS (Reynolds Averaged Navier Stokes equations), which are
organized as follows, with ρ′ = 0 and g′ = 0 (zero density and gravity fluctuations,
respectively).
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∂ui
∂xi
= 0 (3.7)
ρ
(
∂ui
∂t
+ uj
∂ui
∂xj
)
= − ∂p
∂xj
+ µ
∂2ui
∂x2j
−
∂
(
ρu′iu
′
j
)
∂xj
(3.8)
As we can see, the equation 3.8 is expressed in terms of the averaged components
of the flow characterising quantities; the fluctuating components are confined only
in the last term in the form of u′iu
′
j . This term is called Reynolds Stress tensor,
which is the covariance of the vector field u. Reynolds Stresses are interpreted as
the turbulent contribution to the momentum fluxes and so to the stress tensor σij .
The effective stress tensor can be expressed as
σeff = −pδij + µ
(
∂ui
∂xj
+
∂uj
∂xi
)
− ρu′iu′j (3.9)
RANS are the simplest way to treat and work with turbulent flows, even if time
dependent information contained in the flows and presented in the Navier-Stokes
equations are lost in the averaging process. To improve modelling, avoiding at
the same time the computational difficulties of solving directly the Navier-Stokes
equations, a LES approach can be adopted.
LES (Large Eddy Simulation) is a method which solves directly the Navier-
Stokes equations only for the large scales of turbulence, modelling the smallest ones
with subgrids models: the small eddies are then filtered (see, e.g., Fokken et al.
(2009), Wilcox (2002)). In this case the velocity is expressed as
ui = ui + u
′
i (3.10)
where now u′i is the subgrid component. Applying a spatially uniform filter to
equation 3.1 and to equation 3.2, we obtain
∂ui
∂xi
= 0 (3.11)
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ρ
(
∂ui
∂t
+
uiuj
∂xj
)
= − ∂p
∂xi
+ µ
∂2ui
∂x2j
+
∂τTij
∂xj
(3.12)
where τTij expresses the subgrid-stress tensor.
Most subrig-scale stress models are based on an eddy viscosity assumption, νT ;
this is valid also for the most used Smagorinsky model, which suggests for the
determination of τTij (Fokken et al. (2009), Germano et al. (1991))
τTij = 2ρνTSij (3.13)
νT = (CS∆)
2 S (3.14)
where ∆ is the length of scale of the spatial filter applied, equal to ∆ = 3
√
∆V with
V the volume of the computational cell used, CS is the Smagorinsky coefficient and
S is the magnitude of the strain rate, defined as
S =
√
2SijSji (3.15)
where Sij is equal to
Sij =
1
2
(
∂ui
∂xj
+
∂uj
∂xi
)
(3.16)
Assuming a dynamical procedure (Germano et al. (1991)) and adding the time
t as a variable, the Smagorinsky coefficient is determined as a function of time and
space as
CS = C (x, y, z, t) (3.17)
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In this work statistical quantities obtained from LES simulations performed by S.
Kuhn (Assistant Professor, PSI, unpublished work; Fokken et al. (2009)) were used
to check the ability of the CFD code to match experimental results, for different
values of the stream velocities and for the unstratified case.
3.2 Statistical Analysis
The measurements performed in this work (made with both PIV and LIF tech-
niques) can be characterized by the fluid density gradient between the two streams
and by the Reynolds number Re. The Re number is the ratio between inertia and
the viscous forces and is defined as
Re =
ρuDh
µ
(3.18)
where ρ is the density of the fluid, u the velocity, µ is the dynamic viscosity and
Dh is the hydraulic diameter defined by the ratio between the cross section of the
channel and the wetted perimeter as
Dh =
4A
p
(3.19)
The Reynolds number is important because it characterizes whether a flow is
laminar or turbulent; in general for a channel, the transition happens approximately
for Re ≥ 2300.
About the measured turbulent flow field, means and standard deviations are cal-
culated, which give information about the expected value and about the dispersion
around it, respctively; they are calculated as follows:
s =
1
N
N∑
i=1
si (3.20)
Stdev =
√√√√ 1
N
N∑
i=1
(si − s)2 (3.21)
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where N is the number of the recorded samples and s the general turbulent quantity
for which the statistics is performed. In this work, u is the velocity component
in the main direction of the flow, while v and w are the velocity components in
the transverse directions; since the PIV technique used allows only to measure
a 2D velocity field, there is no information about the second transverse velocity
component w.
This fact is taken particularly care in the calculation of the Turbulent Kinetic
Energy (TKE), since it requires the knowledge of the three velocity fluctuations u′,
v′ and w′
TKE =
1
2
(
u′2 + v′2 + w′2
)
(3.22)
In this work, we adopt the approximation in which the velocity fluctuation w′ is
guessed from the knowledge of the other two values (Fokken et al. (2009))
w′2 =
1
2
(
u′2 + v′2
)
(3.23)
so
TKE − 2D = 3
4
(
u′2 + v′2
)
(3.24)
then TKE is calculated as
TKE − 2D = 3
4
[(
1
N
N∑
i=1
(ui − u)2
)
+
(
1
N
N∑
i=1
(vi − v)2
)]
(3.25)
The Reynolds Stresses are also calculated, according to equation 3.8; again,
since the PIV technique adopted is only 2D, we do not have information for all the
components of the Reynolds Stress: so, only the u′u′, v′v′ and u′v′ components are
calculated in this work, as
ReynoldsStressu′u′ =
1
N
N∑
i=1
(ui − u)2 (3.26)
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ReynoldsStressu′v′ =
1
N
N∑
i=1
(ui − u) (vi − v) (3.27)
The formula 3.20 and 3.21 are also used to calculate the mean and the RMS
of the concentration field measured with LIF technique.
The detection of turbulent structures is also considered; the Galilean decompo-
sition of the velocity field and a classification of the vortices based on the study of
the eigenvalues of the velocity gradient tensor is made according to Adrian et al.
(2000).
The Galilean decomposition treats the velocity field as a sum of a convection
velocity component plus a deviation
u = uc + udev (3.28)
The general idea which stands behind the Galilean method is that vortices are
masked by the mean flow velocity. Assuming that the turbulent core velocity is
close to the mean flow velocity, the subtraction of the convection component can
reveal the presence of vortices, as regions of circular and spiral streamslines. Since
the choice of the convection component depends to the velocity of the vortices, which
depends on the location on the flow, different choices of the convection component
may reveal different eddies.
The eigenvalues method (Adrian et al. (2000), Chong et al. (1990), Chong et al.
(2002), Bernard and Wallace (2002)) is based on the observation that vortices are
localized in zone of significant vorticity, but that they are often masked by regions of
high shear. The detection of vortices reduces to the detection of zones characterized
by a significant swirl. In particular, the velocity field in the neighborhood of an
observer moving with the fluid is expressed as
ui = Aijxj (3.29)
where Aij is the velocity gradient tensor which, for a 3D velocity field, is
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A =
∣∣∣∣∣∣∣∣∣
∂u1
∂x1
∂u1
∂x2
∂u1
∂x3
∂u2
∂x1
∂u2
∂x2
∂u2
∂x3
∂u3
∂x1
∂u3
∂x2
∂u3
∂x3
∣∣∣∣∣∣∣∣∣
The eigenvalues of A are determined by solving the related characteristic equation
det[A− λI] = 0, where I is the identity matrix, leading to
λ3 + Pλ2 +Qλ+R = 0; (3.30)
where P = tr[A] is the trace of the matrix, Q = 1
2
(
tr2[A]− tr[A2]) and R = det[A]
is the determinant of A. Operating with a 3D velocity field, it is possible to obtain
one real eigenvalue λr and two complex conjugate eigenvalues λi1,i2 = λcr±λi, if the
discriminant of the characteristic equation is negative: then, the particle trajectories
about the eigenvector relative to λr show circular patterns. If the flow is a pure shear
one, the particle trajectories degenerate into infinitely-long circles with λi → 0. So
the detection of vortices is possible by plotting iso-regions for λi > 0. This method
can be also applied to a 2D field.
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Experimental results
“What do you know about this business?” the
King said to Alice. “Nothing” said Alice.
“Nothing whatever?” persisted the King.
“Nothing whatever” said Alice. “That’s very
important” the King said.
Alice’s Adventures in Wonderland,
Lewis Carroll (1832 - 1898)
R
esults for the velocity field obtained with the PIV and results for the con-
centration field obtained with the LIF system are presented in this section.
The velocity field, as well as the concentration field, is presented in terms of the
mean and fluctuating quantities, as introduced in the previous section. In order to
complement this information:
1. results from previous velocity field measurements performed by C. Dyck (Uni-
versity of Calgary) with the old inlet are added;
2. the velocity field is compared with LES calculations performed by S. Kuhn
(Assistant Professor, PSI, unpublished work; Fokken et al. (2009)) for selected
velocity cases.
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4.1 Experimental setup
During the measurements series performed in the GEMIX facility, the turbulent
isokinetic mixing was investigated for different density differences, ranging from∆ρ =
0% to ∆ρ = 5%, and for different velocities of the two streams, from 0.2 m/s to 1
m/s. Density differences are obtained by heating the water or/and adding sugar in
the TAP tank.
The density of the water as a function on the temperature is plotted in figure
4.1 (Perry and Green (1999)). For the measurements with a density difference of
∆ρ = 1% it was possible to obtain this density difference by just heating up the
TAP-water to TTAP = 50
◦ which results in a temperature difference of ∆T = 26◦
compared with the DEMI-water. It has to be noted that, due to considerations
related to the stability of the plastic tanks and to the safety of personnel, it is
not recommended to raise the water temperature more than TTAP = 50
◦. To
Figure 4.1: Density of water as a function of temperature.
obtain larger density differences it is necessary to add sugar to the TAP-water; the
relationship between the density of a water-sugar solution versus its sugar content
in mass is shown in figure 4.2; it can be noted that the relationship is quite linear
(Ride (2007)).
To calculate the sugar mass needed to achieve the necessary density difference
23
CHAPTER 4. Experimental results
0 5 10 15 20 25 30 35 40
1000
1025
1050
1075
1100
1125
1150
1175
1200
de
ns
ity
 [k
g/
m
3 ]
sugar mass -%
Figure 4.2: Density of sucrose-water solutions as a function of sucrose content, for a ref-
erence water temperature of T = 20◦C.
this graph is used. The amount of sugar to obtain ∆ρ = 3% and ∆ρ = 5% are
msugar ≈ 150 kg and msugar ≈ 250 kg, respectively, for a volume of water of
V = 1600 l and a reference temperature of the DEMI-water of TDEMI ≈ 24◦C.
Furthermore, for ∆ρ = 3% and ∆ρ = 5% an equal viscosity is desiderable for both
the streams, to avoid its influence on Re number. The addition of sugar to the
TAP tank is followed by a heating up of the temperature of the water, in order to
compensate for the otherwise different kinematic viscosities. The trend of viscosity
as a function of the content of sugar in water, is plotted in figure 4.3.
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Figure 4.3: Viscosity of a water-sugar solution as a function of sugar mass content and
for different temperatures.
4.2 PIV analysis
PIV measurements have been performed for both stratified and unstratified cases.
All the density differences, from ∆ρ = 0%, to ∆ρ = 5%, were investigated, while
the velocities cover the range from u = 0.2 m/s to u = 1 m/s, as it is shown in the
test matrix of the measurements in table 4.1.
Velocity 0.2 m/s 0.4 m/s 0.6 m/s 0.8 m/s 1 m/s
Re number 10000 20000 30000 40000 50000
N232 : N236 (∆ρ = 0%) • • • • •
N207 : N211 (∆ρ = 1%) • • • • •
N217 : N221 (∆ρ = 3%) • • • • •
N227 : N232 (∆ρ = 5%) • • • • •
Table 4.1: Matrix of the PIV measurements.
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TDEMI[
◦C] TTAP[
◦C] %−masssugar
∆ρ = 0% 19 19 0
∆ρ = 1% 24 50 0
∆ρ = 3% 25 35 8.5
∆ρ = 5% 25 41 14
Table 4.2: Conditions for PIV experimental measurements.
These isokinetic velocity cases cover Reynolds numbers from 10000 to 50000,
calculated as explained in Chapter 3 and where the characteristic length of the
Reynolds number was calculated using the hydraulic diameter of the test section
Dh = 50 mm. Consequently, only turbulent cases are considered for the peresent
experiments. The density differences are obtained heating TAP-water (small dif-
ferences) or adding sugar (large differences). As mentioned, the addition of sugar
to the TAP-tank has to be followed by a heating up water, to avoid the influence
of the viscosity on the Re number. In table 4.2 one can find the conditions under
which the PIV measurements were performed. The seeding particles used to per-
form PIV measurements are introduced directly into the loop by two syringe pumps,
one for each stream, before the inlet section of the facility. The seeding flow rate
was adapted to the Re number to mantain a constant particle concentration, table
4.3.
Velocity Re number Seeding flow rate [µl/min]
0.2 m/s 10000 1
0.4 m/s 20000 2
0.6 m/s 30000 3
0.8 m/s 40000 4
1 m/s 50000 5
Table 4.3: Seeding flow rates for the PIV measurements performed.
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PIV images are initially analyzed by DaVis (LaVision (2008)) software from
LaVision. Due to the shortness of the light pulse the original raw recorded images
look like a dense cloud of “frozen” seeding particles, as it is shown in figure 4.4
for N234 (Re = 30000). Data analysis is then continued with programs written in
Matlab.
Figure 4.4: Example of recorded PIV image, for N234 (Re = 30000).
In this analysis, the coordinate system is placed at the tip of the splitter plate,
in the middle of the channel, as shown in figure 4.5.
Before analyzing in detail the measurements, results and plots for the whole
field are obtained to get an idea of the quality of the measurements performed and
a geneal overview on the results. The whole field of the velocity in the x−direction
ρ(ρ,u)_1
(ρ,u)_2
y
mixing zonesplitter plate tip
x
5
0
 m
m
camA
250 mm
camB
250 mm
34.71 mm
Figure 4.5: Sketch of the test section and of the coordinate system.
is presented in figure 4.6, while the velocity in the y−direction is shown in figure
4.7. We can see that V y is two order of magnitude smaller compared with V x.
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Furthermore we can see from figure 4.6 the two streams tracks in the upper and
lower part of the channel and the mixing zone (the green one) between them.
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Figure 4.6: Mean V x for N235 (Re = 40000).
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Figure 4.7: Mean V y for N235 (Re = 40000).
Through the analysis of the PIV images, we have found that the velocities mag-
nitudes of the two streams are not completely equal, as we can see in figure 4.6.
It has been calculated that the percentage difference in the V x component between
the two streams is less than 5%. These values were calculated in the range between
y0 − 5 mm and y0 + 5 mm, where y0 depicts the y−location where the maximum
velocity occurs. We can see that in the first part of the test section, the upper
stream has a lower velocity than the lower one and that it accelerates along the
channel, for downstream distances. In table 4.4 the percentage differences of the
upper stream in comparison to the lower stream are shown.
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Run 100 mm 150 mm 200 mm 250 mm 300 mm 350 mm 400 mm
N232 -2.86 -2.14 -1.38 -0.47 0.14 0.54 1.62
N233 -3.38 -2.07 -0.52 0.59 1.18 1.46 2.35
N234 -3.69 -2.26 -1.01 -0.01 0.49 0.91 1.79
N235 -4.23 -2.91 -1.59 -0.98 -0.15 0.22 1.27
N236 -4.30 -3.50 -1.71 -1.11 -0.47 -0.10 0.85
Table 4.4: Measured percentage differences of V x through the test section of the upper
stream in comparison to the lower stream.
4.2.1 LES calculations setup
To complement the experimental results, CFD FLUENT simulations were made
by S. Kuhn (Assistant Professor, PSI, unpublished work; Fokken et al. (2009)) to
check the ability of the code to match the experimental results. For this work, the
simulations have been performed using a LES approach (Large Eddy Simulation),
which allows to solve directly the Navier-Stokes equations only for the“large” length
scales of turbulence: for the small scales (and so for the small eddies) sub-grid
models are used, which simulate the behaviour of the turbulent fluid avoiding the
heavy computational effort of solving the Navier-Stokes equation also for the small
eddies, as it was briefly described in Chapter 3. The Smagorinsky coefficient was
determined with a dynamic method, as suggested by Germano et al. (1991) and
adopting an iterative procedure using two filters in order to evaluate the convergence
of the results. LES calculations were made adopting and discretizing the old inlet
configuration, for a velocity of the streams of u = 0.2 m/s and of u = 0.8 m/s, with
a ∆ρ = 0% density difference between them. The computations were performed
by using the FLUENT code, which provides a finite-volume solver, accurate to the
second order. For this work, the channel was discretized with a streamwise length
of l = 790 mm, starting 190 mm upstream of the splitter plate tip, just behind the
last grid before the splitter plate. The hexahedral mesh for this geometry consists of
1.975 million cells (395 elements in streamwise direction, x, 100 elements in vertical
direction, y, and 50 elements in the z−direction). About boundary conditions,
no specifications for the outlet is assumed and it was not considered any special
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treatment for the walls, i.e. imposing just a no-slip condition on them; furthermore,
a velocity inlet is assigned for each inlet channel, assuming a block velocity profile
(Fokken et al. (2009)), i.e. uniform velocity in the whole inlet cross-section. A total
of t = 10 s of flow time was computed for both cases and data for statistics were
sampled at a frequency of f = 4 Hz. The samples used for the statistics were 800.
4.2.2 Mean and fluctuating velocity field
The experiments conducted with the new inlet configuration, figure 2.3, are com-
pared with experiments conducted with the old inlet, figure 2.3 (Fokken et al.
(2009)). The comparison with old results is necessary to test the differences be-
tween the old inlet section and the new inlet section, installed on GEMIX during
this new session and briefly described in Chapter 2. Mean and standard deviation
values are calculated for the whole velocity field; additionally, vertical profiles are
extracted at different x−locations. An example of the mean and fluctuating veloc-
ity profiles at location x = 100 mm and x = 400 mm for a high Re number case
(Re = 40000) can be found in figure 4.8 and in figure 4.9.
It can be noted that at x = 100 mm (close to the splitter plate), the influence of
the splitter plate is still quite strong, resulting in a lower measured velocity at y = 0
mm compared with the lower and upper stream. We can see this for both standard
deviations, which show a peak at y = 0 mm. This peak is essentially due to the
boundary layers of the two streams that are starting merging. We can also note that
close to the walls of the channel the standard deviation reaches very high values,
due to the high deviations and fluctuations recorded in the boundary layer zone.
Furthermore the comparison between figure 4.8-a) and figure 4.8-b) reveals that,
as already anticipated, the velocity magnitude in the x−direction is approximately
two orders of magnitude larger than the velocity in the y−direction. The shape
and magnitude for the velocity fluctuations in the x− and in the y−directions is
nearly the same, as shown in figure 4.8-c) and figure 4.8-d). A good agreement
between old and new inlet results is shown, for both means and standard deviations.
Moreover we can see that the velocity profile V x for the new inlet section is sharper
and less flat than that observed for the old inlet. The differences between CFD and
experimental results are stronger for the V y standard deviation; these discrepancies
can be probably due to the very small, fluctuating values recorded for V y. Moreover,
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Figure 4.8: Results for N235 (Re = 40000) at x = 100 mm; (a) Mean Vx; (b) Mean Vy;
(c) std Vx; (d) std Vy.
it is supposed that the V y velocity values lie at the limit of the recording PIV system,
resulting in a less accuracy in the measured values. It is also possible that in the LES
calculations a redistribution of fluctuations from the v to the w velocity components
happens. In general, the results show a good agreement between old and new inlet,
expecially for V x component. The differences observed can be ascribed to the use
of a different inlet section. The results have also a reasonable agreement with LES
simulations, at least for the general shape of the extracted profiles, also if LES
simulations show a not completely correct prediction in the zone near y = 0 mm,
where the influence of the splitter plate is still present for the experimental results,
while LES data show flatter profiles.
Comparisons between the results are also made at different x−locations, as it
is shown in figure 4.9 for N235 (Re = 40000) at x = 400 mm. Also at larger
distance from the tip of the splitter plate, the general good agreement between old
and new experimental results is confirmed. CFD simulations show a reasonable
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Figure 4.9: Results for N235 (Re = 40000) at x = 400 mm. (a) Mean Vx; (b) Mean Vy;
(c) Std Vx; (d) Std Vy.
ability in predicting experimental data, but a certain gap between observed and
calculated values is confirmed. The experiments still show the influence of the
merging boundary layers at x = 400 mm while LES shows an almost flat profile
across the entire test section.
From a comparisons between figure 4.8-c) and figure 4.8-d) respectively with
figure 4.9-c) and figure 4.9-d), the disappearance of the peak at y = 0 mm is
observed. This absence is essentially due to the mixing zone which is no more
concentrated in a small part of the channel, but is now spread in a larger region;
the thickness of the mixing zone increases with the distance from the tip of the
splitter plate, while the velocity fluctuations decrease increasing the distance from
the plate, so the peak in the standard deviation becomes gradually smaller with the
x−coordinate.
A comparison of the mean velocities and of the standard deviations from mea-
surements made with different density difference between the streams, is shown in
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Figure 4.10: Comparison between measurements ∆ρ = 1% (N210, Re = 40000) and ∆ρ =
0% (N235, Re = 40000), at x = 100 mm.
figure 4.10, where the measurements N210 (Re = 40000, ∆ρ = 1%) and N235
(Re = 40000, ∆ρ = 0%), at x = 100 mm are reported. We can see that the mean
V x for the N210 case (Re = 40000, ∆ρ = 1%) is more symmetrical with respect
to the plane y = 0 mm than N235 (Re = 40000, ∆ρ = 0%). The two mean V x
measurements are not too different from each other, while mean V y shows a lower
agreement: in the upper part of the channel one finds a good agreement, while the
shape deviates in the lower part.
From a comparison between the standard deviations, we can see that N210
shows a stronger peak at y = 0 mm than N235; this larger peak is in part due
to the presence of the mixing zone at y = 0 mm and in part to the presence of a
density gradient between the two streams.
The presence of the density interface modifies the refractive index of the medium
and this deteriorates the “grainy” particle patterns necessary for the analysis per-
formed with the cross-correlation technique used by DaVis software to perform the
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Figure 4.11: Example of recorded PIV image, for N207 (Re = 10000, ∆ρ = 1%).
Figure 4.12: Example of recorded PIV image, for N220 (Re = 40000, ∆ρ = 3%).
particles displacement. The change of the refractive index has consequently an effect
on the recorded images, which show a strong blurring zone near y = 0mm. For N210
the particle images are weakly blurred, which results in a random de-localisation of
the scattering centres. De-localized scattering centres results in a noise (weak for
N210) which is added to the particle displacements. This noise then adds to the
physically meaningful standard deviation present in the mixing zone and increases
with the density difference between the streams. The analysis of the measurements
performed with ∆ρ = 3% and with ∆ρ = 5% with the cross-correlation method
returns very weak results in the mixing zone, making this technique not suitable
for strong density difference experiments. An example of a PIV image recorded
at ∆ρ = 1% is shown in figure 4.11, while image for a sharper density interface
(∆ρ = 3%), is shown in figure 4.12. As we can see, the quality of the recorded
image for ∆ρ = 1% is still quite good, while the recorded image for ∆ρ = 3% shows
a very confused zone around y = 0 mm.
An analysis similar to that presented above for relatively high Re number, is
also made for the measurement N232 (Re = 10000), and its results are plotted
in figure 4.13 for the mean velocities and the standard deviations, at the x =
100 mm location. The comparison between old and new results reveals again a
good agreement between them, especially for the mean velocities. For the standard
deviations, an off-set is still present an off-set probably caused by the new inlet and
it is observable a top-bottom asymmetry of the results mirrored at y = 0 mm. LES
calculations confirm a reasonable trend in matching experimental results, at least
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Figure 4.13: Resuts for N232 (Re = 10000) at x = 100 mm. (a) Mean Vx; (b) Mean Vy;
(c) Std Vx; (d) Std Vy.
in the shape of the profiles and especially for the mean velocities, although it can
be again noted a certain discrepancy between CFD calculated and experimental
measured values, particularly strong for the comparisons concerning the standard
deviations. In figure 4.13-d), we can see that LES shows also a weak ability in
match the shape of the experimental results.
In general a reasonable agreement between experimental and numerical results is
confirmed and it is then independent from the Re number of the test case and
from the x−location where the profiles are extracted; an exception are the results
concerning the standard deviation of V y, for which the numerical calculations do
not match the experimental results.
The development of the mean V x velocity profile across the channel, for different
x−locations can be observed in figure 4.14 for N232 (Re = 10000), where we can see
that the maximum velocity peaks, recorded in the centre of the upper and lower leg,
decrease for increasing downstream distance from the tip of the splitter plate, while
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Figure 4.14: V x velocity profiles for N232 (Re = 10000) at x = 100 mm, x = 200 mm,
x = 300 mm and x = 400 mm.
the velocity profile becomes flatter with increasing the x−coordinate. At x = 400
mm (the green curve of figure 4.14) a very flat velocity profile is measured together
with the largest mean values of the velocity across the channel. A comparison with
the profiles extracted for N235 (Re = 40000), plotted in figure 4.15, show that
at high Re number, also at large x−values the velocity V x peaks are still visible
in the centre of the upper and the lower leg and so the profiles are less flat than
observed at low Re number. Also for N235 (Re = 40000) we can see that the
velocity peak in the lower channel decrease with increasing the distance from the
tip of the splitter plate, while the same behaviour is not observed for the upper
channel; the same flattering of profiles at large x−values is observed. Moreover, in
both the measurements and for all the profiles it is possible to observe a certain
asymmetry of the profiles with respect to the plane y = 0 mm.
Moreover, a comparison between the derivatives of V x, calculated with a central
difference expression, at different x−locations, is made. The derivatives of V x in the
y−direction are analyzed, as shown in figure 4.16 at x = 100 mm and for x = 400
mm, calculated as follows
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Figure 4.15: V x velocity profiles for N232 (Re = 40000) at x = 100 mm, x = 200 mm,
x = 300 mm and x = 400 mm.
∂Vx
∂y
=
ui,j+1 − ui,j−1
2δgrid
(4.1)
where ui,j is the mean V x velocity at the (i,j) point and δgrid is the increment in
the y-direction.
Figure 4.16: V x derivatives comparison between all the measurement made at ∆ρ = 0%,
at x = 100 mm and x = 400 mm.
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Results about ∂Vx/∂y give information about the shear production and a marker
for the additional mixing caused by the velocity gradients resulting from the merg-
ing boundary layers around y = 0 mm; moreover, the partial derivatives of ve-
locity are related with the Reynolds Stresses and so to the turbulent contribution
to the momentum fluxes, by the Boussinesq approximation, from which follows
(Bernard and Wallace (2002))
∂Vx
∂y
∝ u′v′ (4.2)
The comparison between the derivatives shows general flatter profiles for low Re
number measurements and this is also independent from the x−coordinate where
the derivatives are calculated. We can see that, except for low Re measurements,
even if different derivative values are measured for different Re numbers at the same
x−location, the shape of the profiles is the same and it does not change changing the
x−coordinate where the derivatives are calculated. We can also see that increasing
the Re number, the profiles become more jagged, with higher measured values and
peaks.
4.2.3 Reynolds Stresses
As mentioned in Chapter 3, the Reynolds Stress tensor is introduced by the pro-
cess of averaging the Navier-Stokes equation; its components express the turbulent
contribution to the momentum fluxes. Equations 3.26 and 3.27 have been used to
calculate the Reynolds Stresses.
Reynolds Stresses profiles are extracted at different x−locations and compared
with experimental results obtained for the old inlet and with LES results. The
good agreement between experimental and LES simulations is confirmed and is
independent of the distance from the splitter plate. The Reynolds Stresses u′u′ and
v′v′ show essentially the same trend, as the standard deviation V x and the standard
deviation V y, as it is shown in figure 4.17 and in figure 4.18 for Re = 40000. It
is interesting to focus the attention on the Reynolds Stress u′v′, plotted in figure
4.17-c) and figure 4.18-c), for x = 100 mm and x = 400 mm.
We can see that the Reynolds Stress u′v′ shows a more irregular, sharp profile
close to the splitter plate. We can note that the profiles seem to be anti-symmetric
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Figure 4.17: Results for N235 (Re = 40000) at x = 100 mm. (a) Reynolds Stress u′u′;
(b) Reynolds Stress v′v′; (c) Reynolds Stress u′v′.
with respect y = 0 mm: we observe that in the mixing zone the fluctuations u′
and v′ have the same sign (positive values of u′v′) in the lower part of the channel,
while they are opposite (negative values of u′v′) in the upper part. The profile of
the Reynolds Stress u′v′ becomes smoother increasing the distance from the split-
ter plate; this is due to the fact that, even though the mixing zone is expected to
increase with the distance from the splitter plate, the intensities of the fluctuations
decrease with increasing the x−coordinate. The Reynolds Stress u′v′ results closer
to zero near y = 0 mm at large distance from the splitter plate, while it continues to
be relatively different from zero near the walls of the channel, in the boundary layer
zones. A good accordance between old and new inlet results is observed for the ex-
tracted profiles. Concerning the comparison between LES and experimental results,
it is noted a very good agreement for the Reynolds stresses u′v′ closer to the splitter
plate both for the obtained values and for the shape, while at large x−distances a
reasonable agreement between CFD and experimental profiles is noted, even if some
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Figure 4.18: Results for N235 (Re = 40000) at x = 400 mm. (a) Reynolds Stress u′u′;
(b) Reynolds Stress v′v′; (c) Reynolds Stress u′v′.
discrepancies between measured and calculated values are present.
4.2.4 Turbulent Kinetic Energy
Turbulent Kinetic Energy (TKE) is definded as the sum of the square of the fluctu-
ations of the velocity in the x, y and z directions, multiplyed by 1/2, as it is shown
in equation 3.22
The PIV system used for this work is a 2D technique and allows to measure
the velocity components in the x−direction and in the y−direction; so it does not
provide information about the third component in the z−direction. In this work
an approximation for the calculation of TKE is then used, assuming the square
fluctuation in the z-direction as the mean of the square fluctuations in the other
two directions ( 3.23); then experimental TKE results are obtained using TKE−2D
(see Chapter 3 ). On the contrary, LES allows to have information on a 3D velocity
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field, so it gives information also about the velocity fluctuation w′ in the z−direction.
For a better comprehension of the data and for a consistent comparison with the
experimental results, TKE for LES simulations is calculated with both the 3D
formula (and so using the w′ value obtained from the CFD calculation) and with
the TKE − 2D formula, using the approximation explained in Chapter 3. For the
study of TKE − 2D, several profiles are extracted at different x−locations.
Figure 4.19: Results for N232 (Re = 10000) at x = 100 mm: (a) Kinetic energy; (b)
TKE − 2D; (c) TKE − 3D.
Concerning the shape, a good agreement between the shape of numerical and
experimental results is revealed from the comparison between TKE−2D measured
and TKE − 2D calculated, as shown in figure 4.19-a), for N232 (Re = 10000),
although the agreement is less accurate concerning the magnitudes, which show
different values especially around y = 0 mm (at least one order of magnitude of
difference between measured and numerical TKE − 2D values). From the analysis
of the profiles we can also see that close to the splitter plate, TKE − 2D shows
a strong peak at y = 0 mm, in the middle of the channel, corresponding more or
less to the presence of the mixing zone. We can also see a reasonable agreement,
concerning the shape, between the results for the old and new inlet experimental
data, even though the TKE − 2D for old results shows a much stronger peak for
y = 0 mm. The validity of the assumption made for the approximation for the
calculation of the square fluctuation w′2 in the transverse direction is shown in
figure 4.19-b), where we can see that there is a very good agreement between LES
results TKE − 3D and TKE − 2D, both for the shape and for the values.
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The study of experimental measurements reveals also that the TKE− 2D peak
decreases with increasing the distance from the tip of the splitter plate, as it is shown
in figure 4.20 for N232 (Re = 10000) and for different x−locations. The shape of
the profiles results also flatter at large distances; the decrease is due to the lower
values of the fluctuations of the velocity components, recorded at far x−location
from the inlet.
Figure 4.20: TKE comparison between experimental N232 (Re = 10000) and LES results.
(a) x = 100 mm; (b) x = 200 mm; (c) x = 300 mm; (d) x = 400 mm.
We can also see that there are differences in the trends between numerical and
experimental TKE − 2D values; TKE − 2D for LES simulation decreases rapidly
to low values near y = 0 mm increasing the distance from the splitter plate, while
the decrease of experimental TKE−2D is slower. The comparison between experi-
mental results, reveals that old inlet results are characterized by a much more faster
decreasing of TKE − 2D than that observed for new inlet measurements, even if
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the general behaviour is quite similar.
In the study of TKE we can consider the presence of three main effects influ-
encing TKE: the grids effect, which introduce turbulence which decaying along
the channel, the mixing between the two fluids near y = 0 mm and the growing of
the boundary layers, which could influence the trend of the TKE from a certain
x−value on. Moreover, we have to consider also that the mean velocity V x increases
at y = 0 mm while the middle peaks related to the upper and lower streams de-
crease with the distance from the tip of the splitter plate, as we can note in both
figure 4.14 and figure 4.15.
For a deeper understanding of the phenomena, a non-dimensional analysis of
the results is performed. The following substitution were made
u′2 −→ u
′2
U20
(4.3)
x −→ x
M
(4.4)
where u′ is the velocity fluctuation in the main flow direction, U0 is the centre-line
velocity, x is the x−coordinate and M is the gap between the wires of the last grid
closer to the splitter plate in the inlet section; M is equal for both old and the new
inlet and is M = 1.25 mm and it is assumed valid also for the LES simulations.
The results are then plotted as
u′2
U20
= f
( x
M
)
(4.5)
Results obtained for N232 (Re = 10000) show that at y = 0 mm both the
fluctuating components u′2 and v′2 decrease for increasing the parameter x/M (and
so TKE−2D decreases); this is observed for both experimental and computational
results, as we can see in figure 4.21-a) and in figure 4.21-c). The comparison
between old and new inlet experimental data reveals a good agreement between
them. Moreover the LES CFD simulation shows a similar decreasing trend assumend
by experimental results, even if the difference between experimental and numerical
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Figure 4.21: Reynolds Stresses as a function of downstream distance for N232 (Re =
10000) at y = 0 mm.
results is as large as an order of magnitude. The decreasing trend is also observed
for the correlation u′v′, which shows a fast decrease to zero with increasing the x/M
parameter, concerning the experimental results; in this case LES simulation shows
more or less a constant value close to zero, as it is shown in figure 4.21-b).
The non-dimensional analysis performed for N232 (Re = 10000) at y = 12.5
mm shows that both the fluctuating components u′2 and v′2 of the experimental
data sets tend to increase increasing the distance from the tip of the splitter plate
(figure 4.22), and so, for the approximation used to calculate the w′ component,
also TKE − 2D increases. The LES simulation reveals a similar trend but showing
a certain discrepancy in values with the experimental data, revealing more than an
order of magnitude of difference with the experimental data in some x/M−locations,
as it is possible to see in figure 4.22-a) and in figure 4.22-c). Concerning u′v′, it
shows a very slow increase, increasing the parameter x/M , stronger for the old inlet
experimental data than for the new data set. In this case LES simulation matches
44
CHAPTER 4. Experimental results
Figure 4.22: Reynolds Stresses as a function of downstream distance for N232 (Re =
10000) at y = 12.5 mm.
very well the experimental results.
For the assumption made about the calculation of the transverse fluctuation w′,
TKE should depend only from the components u′ and v′. So, an increase of both
these components will lead to an increase of TKE through the channel. We can
then observe that TKE shows a drecreasing trend along the channel around y = 0
mm, while reveals an increasing trend going closer to the walls of the channel.
4.2.5 Correlations
The use of two-point correlations represents a means to explore and understand
the interior structure of turbulent flows. A turbulent flow has a rich and varied
structure and the use of a single-point statistical approach does not seem to provide
an in-dept description of the flow. It seems reasonable to approach the problem of
the study of turbulent flows with the use of a two-point statistical description. A
two-point correlation function is defined as (Wilcox (2002))
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Rij(x, r, t) = u′i(x, t)u
′
j(x+ r, t) (4.6)
For two variables x and y one can define the correlation coefficient as the ra-
tio between the covariance of the two variables and the corresponding standard
deviations as follows (Loreti (1998))
rxy =
1
N
∑N
i=1 (xi − x) (yi − y)
2
√(
1
N
∑N
i=1 (xi − x)2
)(
1
N
∑N
i=1 (yi − y)2
) (4.7)
where x and y are the mean values for the x and y variables. The correlation
coefficient lies then between 1 and -1: with rxy = 1 the correlation between x
and y is complete, while they are inversely correlated if rxy = −1; when rxy = 0
the variables are completely not correlated. In general, the use of the correlation
coefficient in the study of turbulent flow fields, tries to answer to the question if a
linear relation exists between two variables and how strong this relation is: in this
work, the correlation coefficient is use to investigate the similarities on the velocity
components. The correlation coefficient is also used to investigate the turbulent
field, in the attempt to find, if they exist, regular and repetetive structures, which
propagate through the fluid (in general, “eddies”).
The correlation coefficient r at a given point (xlag, ylag) in the correlation map,
is obtained by correlating the velocities at the reference location (x0, y0) with the
velocities at the location (x0+lag, y0+lag). The spatial correlation maps in figure
4.23, related to (x0 = 200mm, y0 = 0mm), are presented for both u
′ and v′, velocity
fluctuations in the x and in the y−directions, respectively, for the measurement N232
(Re = 10000).
As we can see, the correlation map for u′ shows the expected strong positive peak
around (xLAG = 0, yLAG = 0), with a decrease of the signal to negative small
values in both the directions x and y, followed by a slow increase to zero; moreover
it is observed a slow decrease to zero of the signal in the directions at 45◦ with
respect to x and y. The correlation map for v′ shows a smaller elleptical peak
around (xLAG = 0, yLAG = 0), and a similar pattern of the correlation for u
′ in the
x−direction, while it shows a quite slow decrease from the peak value to zero in the
y−direction.
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Figure 4.23: Correlation maps for N232 (Re = 10000), at (x0 = 200 mm, y0 = 0 mm),
for u′ (left) and v′ (right).
Figure 4.24: Spatial correlation function for N232 (Re = 10000), at (x0 = 200mm, y0 = 0
mm), for CU (right) and CV (left).
Correlation coefficient profiles are extracted in both the directions from the cor-
relation maps for measurement N232 (Re = 10000), as we can see in figure 4.24. It
is possible to see that the correlation coefficient CU and CV , respectively, for u
′ and
v′ fluctuations, show the peak around (xLAG = 0, yLAG = 0) and then a decrease to
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zero, as described above. It is particularly interesting the trend of CV , which shows
a stronger correlation than CU in the transverse direction y. Looking quantitatively
at the extracted profiles CU and CV , the correlation coefficients become quickly
quite low with incresing the distance from the center location and therefore, the
data become nearly uncorrelated.
As known, integrating the spatial correlation function from 0 to infinity results
in a length scale, which characterizes the size of the large eddies. Therefore, since
the structure of the correlation peak is different for CU and CV , this results in
different length scales and in an anisotropic structure of turbulence.
Figure 4.25: Spatial correlation function for N232 (Re = 10000) for u′ (right) and v′
(left), extracted at different x−locations (x0 = 100 mm, x0 = 200 mm and
x0 = 350 mm).
Then a comparison between correlation profiles extracted at different x−locations
is performed, as it is shown in figure 4.25 for N232 (Re = 10000) for x0 = 100 mm,
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x0 = 200 mm and x0 = 350 mm. This comparison reveals a certain agreement
between each other. We can note that the larger is the distance from the tip of
the splitter plate, the weaker is the repetition found in the correlation profiles, as it
is shown especially in figure 4.25-a) and in figure 4.25-d), while the width of the
peak seems to be not so much influenced by the x−coordinate, as shown in figure
4.25-b) and in figure 4.25-c)
Furthermore, a comparison is also made for the correlation function obtained for
measurements at different Re number. The comparison between N232 (Re = 10000)
and N235 (Re = 40000) at (x0 = 200mm, y0 = 0mm), shown in figure 4.26, reveals
a faster decrease to zero of the correlation for higher Re number (Re = 40000)
measurements, showing smaller negative correlation values than that observed for
low Re number measurements, as it is plotted in figure 4.26-a) and in figure 4.26-d).
Moreover, the width of the correlation peak is influenced by Re number, becoming
much thinner for high than for low Re number measurements, as it is shown in
figure 4.26-a), and especially in figure 4.26-b) and in figure 4.26-c).
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Figure 4.26: Spatial correlation function for N232 (Re = 10000) and N235 (Re = 40000),
at x = 200 mm, for u′ (right) and v′ (left).
4.2.6 Vortex detection
The search of vortex structures in a flow results from the fact that a turbulent flow is
highly rotational and that a strong vorticity is a distinctive feature of the turbulence
itself. Bernard and Wallace (2002) give a general definition of “vortex”, stating that
it is a region of clearly rotational flow as seen by any reasonable observer, who travels
in a reasonble way respect to the flow of interest. Robinson et al. (1988) propose a
more detailed definition, where a vortex is defined as a portion of a turbulent flow
field where instantaneous streamlines mapped onto a plane normal to a core show
circular or spiral patterns, when viewed in a reference frame moving with the centre
of the core. From this point of view we assumed that the vortices move with a
core velocity close to the mean velocity field of the flow: so, it seems reasonable to
remove the velocity at the centre of the vortex to visualize the vortex itself.
The methods applied in this work for the detection of turbulent structures is
briefly explained in Chapter 3, and consist in the application of a Galilean decompo-
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sition and in the research of the eigenvalues of the tensor of the velocity gradient, as
suggested by Bernard and Wallace (2002), Adrian et al. (2000), Chong et al. (1990)
and Chong et al. (2002).
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Figure 4.27: Comparison between the galilean method (upper, uc = 0.22 m/s subtracted)
and the eigenvalue method (lower) for the detection of vortical strucures, for
N232(Re = 10000, image 36/1024 recording).
The Galilean method is strongly influenced by the choice of the constant con-
vection value to subtract: different choices for the convection velocity show different
vortices, moving with different convection speeds.
The idea behind the eigenvalue method, exposed in Chapter 3, is to find a marker
associated with the rotational motion of the eddies. As proposed by Chong et al.
(1990) and by Adrian et al. (2000), the velocity field ui in xj direction is given
by ui = Aijxj for an observer moving with a non-rotating frame reference to any
particle in the flow field, where Aij is the velocity gradient tensor. Aij in a 3D field
has one real eigenvalue λr and two complex eigenvalues λi1,i2 = λcr ± iλi when the
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cubic discriminant of its characteristic equation is negative. When this is true, the
trajectories of the particle relative to the eigenvector relative to the real eigenvalue,
show a spiral pattern. The important aspect is that this method allows to find
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Figure 4.28: Comparison between the galilean method (upper, uc = 0.22 m/s subtracted)
and the eigenvalue method (lower) for the detection of vortical strucures, for
N232(Re = 10000, image 36/1024 recording). Enlarged section of figure
4.27.
vortical structures without considering also vorticity due to pure shear: pure shear
flow exibits degenerated particle trajectories infinitely long, with a λi → 0. So
the detection of vortical structures can be pursued plotting λi > 0. The velocity
field obtained subtracting the convection velocity value uc = 0.22 m/s (galilean
method), and the swirl field (eigenvalue method) related to N232 (Re = 10000), are
shown in figure 4.27. The upper figure indicates the movement of the fluid, where
we can detect the presence of some eddies. The lower one shows a quite uniform
background on which stand out brighter circles which indicate the presence of zones
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Figure 4.29: Comparison between the galilean method (upper, uc = 0.22 m/s subtracted)
and the eigenvalue method (lower) for the detection of vortical strucures, for
N232(Re = 10000, image 84/1024 recording).
characterized by high swirl value. Two different patterns can be distinguished. The
first on the upper and lower part chracterized by relatively large vortical structures.
These structures rule the entrainment, providing the mixing zone with additional
fluid and they control the growth of this zone. The second pattern is located in the
mixing zone around y = 0 mm, characterized by no or small vortical structures:
maybe in this zone the spatial resolution limited by the size of the last interrogation
window used by DaVis software is reached, preventing the detection of more vortical
structures. This aspect should be explored in future tests.
A clearer detail of figure 4.27 is plot in figure 4.28, where the attention is
focused on one eddy in the upper part of the channel; from this particular view,
it seems that the eigenvalue method detects the presence of two main structures
surrounded by smaller vortices. Results are confirmed by the Galilean method,
which shows also the counterclockwise behaviour of these eddies. On the contrary,
we can observe that vortices in the lower part of the channel move with a clockwise
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rotation, as it is shown in figure 4.29 for N232 (Re = 10000).
There is a reasonable agreement between the two methods proposed for the
detection of turbulent strucutures. It has to be underlined that the swirl method
shows all the vortical structures in the flow, while the decomposition method reveals
only the eddies characterized by the subtracted core velocity.
4.2.7 Error Analysis
4.2.7.1 Scatter plots
Figure 4.30: Scatter plots for the velocity components for N232 (Re = 10000), at x = 300
mm, for y = 0 mm and y = 12.5 mm.
Scatter plots are Cartesian diagrams which show the dependence between two
variables; for the experimental measurements made, scatter plots are used to show
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the possible dependence between the velocity componenents in x-direction and in
the y-direction when the (n+1) sample is plotted against the n sample of the velocity
component. It is important to assure that the velocity samples are independent, to
avoid the possibility that a velocity component at one sample could influence the
next samples. In the case of not correlated variables, scatter plots are expected to
describe a circular pattern, while, in the case of correlated variables, the scatter
plots show a more or less clear straight line, depending by the corrlation.
As we can see from the clearly circular patterns shown in figure 4.30, for N232
(Re = 10000) at (x = 300 mm, y = 0 mm) and at (x = 300 mm, y = 12.5 mm),
and in figure 4.31, for N235 (Re = 40000) at (x = 200 mm, y = 12.5 mm), that
the velocity components at the (n + 1)-sample are not related to the velocities at
the n-sample. This proves the statistical independence of the recorded velocities.
Figure 4.31: Scatter plots for the velocity components for N235 (Re = 40000), at (x = 200
mm, y = 12.5 mm).
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4.2.7.2 Pixel displacement
Velocities recorded with PIV technique may be affected by an error due to the
possibility to reach the limits of the system, depending on the dynamic range of the
camera used, which defines the ratio between the maximum and minimum particle
shift measurable by the system and which is of the order of 1:100.
0.2 m/s 0.4 m/s 0.6 m/s 0.8 m/s 1 m/s
Re number 10000 20000 30000 40000 50000
∆T[µs] 7000 3500 2300 1750 1400
Table 4.5: Interval time used between two successive frames in PIV recordings.
This may happen when the velocities to be measured are very small and when
the ∆t chosen to record consecutive frame images, necessary to calculate the velocity
field, is too small. In table 4.5 are shown the ∆t imposed between sequent recorded
frame images, for the different measurements performed. These ∆t are used to find
the pixel displacement used by the PIV system to calculate the velocity field. The
limit of the system has not been measured during this experimental session and here
are assumed the values measured in previous experimental session run on GEMIX
by C. Dyck (University of Calgary), which is approximately around 0.1 pixel.
The calculation of the pixel displacement consists to find the pixels covered by
the tracer particles during two successive laser pulses, knowing the imposed ∆t
between the pulses and that 1 pixel ≈ 0.25 mm. The calculation does not show
any problem for mean V x velocity, while suggests that for the mean V y velocity
the system is near its limits, as can be noted in figure 4.32 for N235 (Re = 40000)
at x = 200 mm and y = 12.5 mm, where we can see that the pixel displacement is
−0.6 ≤ pixel ≤ 0.6.
4.2.7.3 Convergence plot: Mean Velocity
For this work, convergence plots are calculated for N232 (Re = 10000) and N235
(Re = 40000), for the mean velocities and the standard deviations in x and y-
directions.
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Figure 4.32: Pixel displacement, relative to N235 (Re = 40000) for x = 200 mm and
y = 12.5 mm.
Convergence plots reveal the trend to convergence of a certain mean quantity,
increasing the number of samples used to calculate it. Convergence plots can also
be used to determine the error relative to the mean value that has to be taken in
account if we consider a small number of samples compared with the number of
samples used to calculate the final mean value. The study of the convergence of the
mean quantities is performed taking in account the experimental data as recorded
and also randomly re-arranged experimental data; the use of re-arranged data allows
to avoid possible influences between successive samples. Convergence plots for V x
reveals a very fast convergence, with an estimated error less than 1% already after
100 samples, as is shown in figure 4.33 for N232 (Re = 10000), at (x = 100 mm,
y = 0 mm).
A much slower convergence is found for the V y components. This is essentially
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Figure 4.33: Convergence plot for V x, for N232 (Re = 10000) and at (x = 100 mm, y = 0
mm).
due to the fluctuating behaviour around zero of V y, but also to the fact that the
measured values of V y are very small and close to the limit of the PIV system,
estimated in a previous experimental session. In figure 4.34 is presented the con-
vergence for V y for N232 (Re = 10000), at (x = 100 mm, y = 0 mm).
In general, uncertainties of ex ≈ 1% and ey ≈ 25% are estimated for V x and V y
components, respectively.
4.2.7.4 Convergence plot: Standard Deviation
Convergence plots are also obtained for standard deviation for V x and V y. Standard
deviations show a slower convergence than mean V x, but a reasonably good con-
vergence is ensured, showing a relative deviation from the last mean value less than
3% after around 800 samples, as it is shown in figure 4.35 for Std V x for N232
(Re = 10000) at (x = 100 mm, y = 0 mm) and in figure 4.36 for Std V y for N232
(Re = 10000) at (x = 100 mm, y = 0 mm).
In general, uncertainties of ex ≈ 3% and ey ≈ 3% are estimated for Std V x and
Std V y, respectively.
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Figure 4.34: Convergence plot for V y, for N232 (Re = 10000), at (x = 100 mm, y = 0
mm).
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Figure 4.35: Convergence plot for Std V x, for N232 (Re = 10000), at (x = 100mm, y = 0
mm).
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Figure 4.36: Convergence plot for Std V y, for N232 (Re = 10000), at (x = 100 mm, y = 0
mm).
4.3 LIF Results
During the measurements series performed in GEMIX, the turbulent isokinetic mix-
ing has been investigated also with LIF technique, briefly explained in Chapter 2.
We focus the attention on the mean and the RMS concentration values and a non-
dimensional presentation of the results is developed.
The performed measurements cover density differences from ∆ρ = 0% to ∆ρ =
5%, and the velocity range of the streams, from 0.2 m/s to 1 m/s. In table 4.6 is
shown the test matrix of the LIF measurements made.
All the density differences are obtained adding sugar to the TAP tank, following
the same procedure adopted for PIV measurements. The mass content and the
temperatures for TAP and DEMI water for the different experimental runs are
collected in table 4.7.
For the LIF measurements the fluorescent dye Sulphorhodamine G is used. The
dye has been dissolved in water and injected with a syringe pump in the lower
stream. The injection location is approximately 3 m before the inlet section to
allow for a homogeneous mixing. To have the same brightness for each measurement
performed, the dye injections speed is adapted according to the flow rate of the
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Velocity 0.2 m/s 0.4 m/s 0.6 m/s 0.8 m/s 1 m/s
Re number 10000 20000 30000 40000 50000
N237 : N240 (∆ρ = 0%) • • •
N248 : N250 (∆ρ = 1%) • • •
N245 : N247 (∆ρ = 3%) • • •
N242 : N244 (∆ρ = 5%) • • •
Table 4.6: Matrix of the LIF measurements made.
TDEMI[
◦C] TTAP[
◦C] %−masssugar
∆ρ = 0% 20 20 0
∆ρ = 1% 18 20 3
∆ρ = 3% 18 28 8.5
∆ρ = 5% 18 36 15.5
Table 4.7: General conditions during the LIF experimental measurements.
streams; in table 4.8 are shown the dye-water solution flow rates imposed by the
syringe pump.
One of the main advantages of using LIF is that it is immediately clear and visible
the development of the mixing between the two streams along the test section.
Velocity Re number Dye flow rate [µlmin]
0.2 m/s 10000 6
0.4 m/s 20000 12
0.8 m/s 40000 20
Table 4.8: Dye-water flow rates for the LIF measurements performed.
From a comparison between the measurements made at different ∆ρ we can see that
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the thickness of the mixing zone is strongly influenced by the density gradient. We
can note that increasing the density gradient, the mixing is progressively suppressed.
This can be seen from the comparison of the images shown in figure 4.37, for N237
(Re = 10000, ∆ρ = 0%), in figure 4.38, for N248 (Re = 10000, ∆ρ = 1%), in figure
4.39, for N245 (Re = 10000, ∆ρ = 3%) and in figure 4.40 for N242 (Re = 10000,
∆ρ = 5%).
Figure 4.37: Raw LIF image, for N237 (Re = 10000, ∆ρ = 0%).
Figure 4.38: Raw LIF image, for N248 (Re = 10000, ∆ρ = 1%).
Figure 4.39: Raw LIF image, for N245 (Re = 10000, ∆ρ = 3%).
For the LIF measurements performed at ∆ρ = 0%, it is possible to monitor the
development of structures between the two streams. The test section can be ideally
divided in three parts, where we can see the beginning of the vortical structures,
which propagate from the tip of the splitter plate between the two streams, their
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Figure 4.40: Raw LIF image, for N242 (Re = 10000, ∆ρ = 5%).
grownth, where the structures develop and become dominant in the mixing process
and finally the conversion of the eddies in a more irregular and unstructural move-
ment. The develop of coherent strucutres can be seen from figure 4.41-a), figure
4.41-b) and figure 4.41-c), where the attention is focused on the growth of an eddy
(yellow rectangle) and on two counter rotating eddies (red rectangle).
From the analysis of the recorded raw images, we can see that concerning the
measurements performed with stratified fluids (especially ∆ρ = 3% and ∆ρ = 5%),
the development of a mixing zone between the streams is only observed for high Re
number, as it is shown in figure 4.41-d) for N244 (Re = 40000, ∆ρ = 5%). From
high density difference recordings it is not possible to see the development of regular
and visible eddies as shown for the measurements performed with unstratified fluids
and the mixing interface appears like a nebulous, blurry zone.
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(a)
(b)
(c)
(d)
Figure 4.41: LIF images relative to N237 (Re = 10000, ∆ρ = 0%, images 71, 74 and 76
of 1024 recordings: a,b and c) and N244 (Re = 40000, ∆ρ = 5%), recorded
with a frequency of f = 15 Hz .
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4.3.1 Mean profiles
Mean concentration profiles are extracted at different x−locations and then a fit-
ting of the measured data is performed with an hyperbolic tangent function. The
following function has been adopted for the fit
C(x, y) = Cm −
∆C
2
tanh
(
y − ych
δh/2
)
(4.8)
where Cm is the concentration at the centre of the profile, ∆C is the difference in
concentration between the two streams, ych is the y−location of the centre and δh
is the thickness of the mixing zone, as shown in figure 4.42.
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Figure 4.42: Sketch of the function used to fit the mean concentration profiles.
From a comparison between the profiles obtained we can have an overview of the
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development of the mixing process between the two streams, for different velocities
and for different density gradients. It is possible to see that for low ∆ρ differences,
the mixing zone increases with the distance from the tip of the splitter plate, as
shown in figure 4.43 for N237 (Re = 10000 ∆ρ = 0%), while for high ∆ρ (∆ρ = 3%
and ∆ρ = 5%) and for small Re number, the thickness of the mixing zone is more or
less constant along the test section, and the mixing process at the interface between
the streams results quite completely suppressed by the density gradient, as plotted
in figure 4.44 for N242 (Re = 10000, ∆ρ = 5%). In all the profile figures, the
markers are the measured concentration values.
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Figure 4.43: Mean concentration profiles for N237 (Re = 10000, ∆ρ = 0%).
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Figure 4.44: Mean concentration profiles for N242 (Re = 10000, ∆ρ = 5%).
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Figure 4.45: Mean concentration profiles for N244 (Re = 40000, ∆ρ = 5%).
As shown above for the analysis of the raw recorded images, increasing the
Re number, it is observed a certain development of the mixing zone also for the
measurements performed with a sharp ∆ρ between the streams, as it is shown in
figure 4.45 for N244 (Re = 40000, ∆ρ = 5%). Analyzing the fitting parameters,
we can affirm that the development of the mean concentration profiles is mainly
characterized by the thickness δh of the mixing zone, although it characterizes much
more the mean concentration profiles at low ∆ρ than at high ∆ρ. We can see that
for the measurements performed with a sharp density difference between the streams
(∆ρ = 5% and ∆ρ = 3%), δh varies with the Re number (figure 4.47), even if it
shows a quite constant trend with the x coordinate for each Re value.
The other three fitting parameters are quite constant and nearly independent from
the x−location where the profiles are extracted and from the Re number, as it is
reported in figure 4.46 for the series at ∆ρ = 0% and in figure 4.47 for the series at
∆ρ = 5%. The height ych is quite always equal to zero, i.e. the centre of the profiles
are at y = 0 mm; we can then derive that the mixing process can be characterized
only with δh. Moreover, we can see that for the unstratified cases, the growth rate
of the mixing zone is quite independent from Re number.
In a developing flow, turbulent fluid is transported by the mean flow and the
conditions observed in any section of the channel are affected by the conditions of the
flow at some earlier time, when the fluid that now is found at the observed section
occupied an upstream position along the channel, as well as the observed eddies at
one point derive from earlier structures of different scales. If a moving equilibrium is
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Figure 4.46: Fitting parameters found for N237, N239 and N240 (∆ρ = 0%).
established such that the conditions of the flow at the inlet are irrelevant and the flow
behaviour depends only on some simple parameters, then the flow is self-preserving
and exists a function which can describe the flow as geometrically similar at all
sections (Townsend (1976)). For a self-preserving flow, the general mean quantity
S is in the form
S = S1 + s0f (y/l0, x/l0) (4.9)
l0 is a length scale, s0 is a scale of the quantity and S1 is the reference value of the
quantity in the stream. In general, for the mixing layer flows, self-preserving 2D
distributions of the velocity is described by (Townsend (1976), Kapulla (2000)):
u = u1 + u0
∫
∞
y
l0
√
2
e−s
2
ds (4.10)
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Figure 4.47: Fitting parameters found for N242, N243 and N244 (∆ρ = 5).
where l0 is a length scale, u0 is a scale of velocity and u1 is the reference value of the
quantity in the stream and y is the y−coordinate. We can note the proportionality
between u as expressed by equation 4.10 and the error function erf, which is well
approximated by the hyperbolic tangent tanh used as fitting function for the mean
concentration profiles. On these basis, assuming the concentration as a passive
scalar transported by the flow, a non-dimensional analysis is performed, as suggested
by Kapulla (2000). The self-similar function chosen for this work is
y∗ (ych, δh) = C
∗
(
Cm,∆C
)
(4.11)
where
y∗ =
y − ych
δh/2
(4.12)
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C∗ =
C − Cm
∆C/2
(4.13)
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Figure 4.48: Self-similar mean concentration profiles for N237 (Re = 10000,∆ρ = 0%, (a)
and for N247 (Re = 40000,∆ρ = 3%, (b).
Plotting y∗ in the y−coordinate against C∗ in the x−coordinate, for all the
x−locations extracted, we obtain self-similar profiles: all the profiles collapse into a
unique mean concentration curve, independent from the Re number and from the
∆ρ of the measurement made; we could derive this results from the fact that the
profiles may be described by the same tanh function for all the x−locations. The
non-dimensional parameters used are then invariant-scaling parameters for the mean
concentration profiles and so it is possible to describe different curves and profiles
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with the same parameters. We underline that δh assumes a great importance,
because it is the parameter which characterizes the mixing process and also the self-
preservation, since the other parameters are almost constant with the x−coordinate.
The self-similar concentration profiles for N237 (Re = 10000, ∆ρ = 0%) and for
N247 (Re = 40000, ∆ρ = 3%) are shown in figure 4.48, while the self-similar
concentration profiles for N242 (Re = 10000, ∆ρ = 5%) and for N244 (Re = 40000,
∆ρ = 5%) are shown in figure 4.49.
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Figure 4.49: Self-similar RMS concentration profiles for N242 (Re = 10000,∆ρ = 5%, (a)
and for N244 (Re = 40000,∆ρ = 5%, (b).
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4.3.2 RMS profiles
RMS concentration profiles are extracted at the same x−locations as for the mean
concentration profiles. Also for RMS data, a fitting function has been adopted: the
gaussian function has been used, as follows
Cr(x, y) = Cmr +∆Cr exp
[
−
(
y − ychr
δhr/2
)2]
(4.14)
where Cmr is the RMS offset value, ∆Cr is the difference between the RMS peak
value of the gaussian and the measured RMS tail value, ychr is the y− coordinate of
the peak value and δhr/2 the so called half thickness. The plot of the RMS profile
adopted can be found in figure 4.50.
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Figure 4.50: Sketch of the function used to fit the RMS concentration profiles.
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From a comparison between RMS concentration profiles extracted at different
x− locations, we can see that the width of the RMS peak increases for increasing
downstream distances from the splitter plate. It is possible to observe some differ-
ences between low ∆ρ and high ∆ρ measurements: due to the fact that increasing
the density difference, the mixing between the streams is going to be suppressed,
the shape of the RMS profiles at high ∆ρ is much sharper than the shape of the
profiles related to the measurements at low ∆ρ, extracted at the same x−location.
The RMS profile for N237 (Re = 10000, ∆ρ = 0%) are plotted in figure 4.51, while
the RMS profiles for N242 (Re = 10000, ∆ρ = 5%) are plotted in figure 4.52.
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Figure 4.51: RMS concentration profiles for N237 (Re = 10000,∆ρ = 0%).
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Figure 4.52: RMS concentration profiles for N242 (Re = 10000,∆ρ = 5%).
As suggested above concerning the analysis of the mean concentration profiles, it is
possible to underline the effect of the Re number also on the RMS concentration
profiles: for the measurements performed with high Re number, we can observe the
development of the RMS profile and the increase of the thickness of the mixing zone
along the channel, even with high density gradients, as it is plotted in figure 4.53.
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Figure 4.53: RMS concentration profiles for N244 (Re = 40000,∆ρ = 5%).
Figure 4.54: Fitting parameters found for the RMS concentration profiles relative to N237,
N239, N240 (∆ρ = 0%).
The analysis of the fitting parameters used, shows that the development of the
RMS profiles is mainly characterized by δhr, although this parameter characterizes
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much more the RMS concentration profiles at low ∆ρ than at high ∆ρ. Both for low
and high ∆ρ measurements, Cmr, ∆Cr and ychr are more or less constant with the x
coordinate and with the Re number. For high ∆ρ, δhr is quite independent from the
x coordinate, although it assumes different values for different Re number, and its
influence in the mixing process is stronger in comparison with the other parameters,
as is shown in figure 4.54 for the serie at ∆ρ = 0% and in figure 4.55 for the serie
at ∆ρ = 5%. We can also observe from figure 4.54-b) that δhr shows something
similar to a developing length up to x = 100 mm, and it starts to increase with the
x−coordinate after this value; this is noted for all the unstratified measurements.
Moreover, the growth rate of δhr is quite independent from the Re number for the
unstratified cases.
Figure 4.55: Fitting parameters found for RMS concentration profiles relative to N242,
N243, N244 (∆ρ = 5%).
As suggested by Townsend (1976) and in analogy with what made for the mean
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concentration values, the search of a self-preserving function is performed for the
RMS concentration profiles, assuming that the initial conditions does not have a
strong influence on the flow, which can be then described by few parameters. Then,
a dimensionless analysis similar to that performed for mean concentration profiles,
is also made for RMS concentration profiles. The self-similar function chosen for
RMS profiles is (Kapulla (2000))
y∗r (ychr, δhr) = C
∗
r
(
Cmr,∆Cr
)
(4.15)
where
y∗r =
y − ychr
δhr/2
(4.16)
C∗r =
Cr − Cmr
∆Cr/2
(4.17)
The non-dimensional treatment of the RMS concentration data, allows to have
self-similar profiles for RMS, plotting y∗r in the y−coordinate against C∗r in the
x−coordinate, for all the x−locations extracted; as described for the mean con-
centration results, also RMS profiles collapse in a unique profile, independent from
the Re number and from the ∆ρ of the measurements made. The non-dimensional
variables used are then invariant-scaling parameters for the RMS, allowing the de-
scription of different curves and different measurements with the same function. In
figure 4.56 are shown the self-similar profiles for N237 (Re = 10000, ∆ρ = 0%) and
for N247 (Re = 40000, ∆ρ = 3%), and in figure 4.57 are plotted the profiles for
N242 (Re = 10000, ∆ρ = 5%) and for N244 (Re = 40000, ∆ρ = 5%).
Again, it is noted that δhr is the most important parameter in the development of
the RMS profiles, since it characterizes the mixing process and the self-preservation;
the other parameters are more or less constant with the x−coordinate. However δhr
characterizes the mixing process more for high Re measurements than for low Re
measurements.
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Figure 4.56: Self-similar RMS concentration profiles for N237 (Re = 10000,∆ρ = 0%, (a)
and for N247 (Re = 40000,∆ρ = 3%, (b).
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Figure 4.57: Self-similar RMS concentration profiles for N242 (Re = 10000,∆ρ = 5%, (a)
and for N244 (Re = 40000,∆ρ = 5%, (b).
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Furthermore, a comparison between δh and δhr, which are the characteristic
parameters for the mixing process and the self-similarity for the mean and the RMS
profiles, respectively, is plotted in figure 4.58, where we can see that δhr increases
a bit more with the x coordinate than δh, although both the parameters show the
same trends.
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Figure 4.58: Comparison between δh and δhr for N237 (Re = 10000) and for N240 (Re =
40000), concerning ∆ρ = 0%.
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Conclusions
Nemo quicquam habet facti; in futurum enim
nostra distulimus.
Seneca Epistulæ Morales ad Lucilium,
Lucius Abbæus Seneca (4 BC - 65 AD)
T
he present work has regarded the study of the turbulent isokinetic mixing pro-
cess with stratified and unstratified fluids. The measurements were performed
with PIV and LIF laser techniques.
5.1 General conclusions
About the processed measurements, a comparison with the results obtained in a
previous experimental session, characterized by the use of a different inlet section
for the facility was made. The comparison shows a good agreement between old
and new results, especially concerning the measured mean velocity V x. About the
standard deviation of V x, the agreement is confirmed at least for the distribution,
even if it is observed a certain discrepancy between the measured values (less than
an order of magnitude). Concerning the mean V y and standard deviation of V y,
a substantial accordance between old and new measurements is observed; moreover
it is supposed that the V y velocity values lie at the limit of the PIV recording
system and so the related results could be affected by systematic errors. Concerning
the Reynolds Stresses, it is observed a very good agreement, especially for the
Reynolds Stress u′v′. The analysis of TKE shows a similar trend for both new
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and old results, even if the old measurements show a stronger peak in the centre
of the channel; substantially similar trends are also noted for the analysis of TKE
along the channel, even if old results show a faster decreasing with increasing the
x−coordinate. In general, the good agreement between the measurements of the two
campaigns is confirmed at all the locations where the profiles have been extracted
and it is independent from both the Re number and the density difference between
the two streams.
The convergence of the calculated statistical quantities, i.e. means and standard
deviations, is relatively fast, except for mean V y which shows the slowest conver-
gence in comparison with the others, essentially due to the fact that this quantity
is fluctuating around zero.
It was anyway found that PIV measurements made with a too large density
gradient between the streams cannot be analyzed with a standard cross-correlation
technique, due to the change of the refractive index at the interface, which makes
the images recorded very blurry and difficult to analyse.
Concerning the ability of CFD codes to match the experimental results, a CFD
FLUENT simulation, run with a LES approach, modelling and discretizing the old
inlet section, was performed by S. Kuhn (Assistant Professor, PSI, unpublished
work; Fokken et al. (2009)). The comparison between experimental and numerical
results was made for different x−locations and in general a reasonable agreement
between numerical and experimental results is found, especially for the mean and
the standard deviation of V x, even if a certain off-set is observed between the values,
for all the extracted profiles. The comparison between the standard deviations of
V y shows a worse agreement: in this case LES simulation seems to fail in matching
experimental results, both concerning the shapes and the obtained values, even if
it has to be underlined that the statistical analysis in the zones closer to the upper
and lower walls of the channel is not possible because of the presence of the screen
used to mask the too high reflection detected. The differences between measured
and numerical values are up to one order of magnitude. About Reynolds Stress
u′v′, a good agreement between numerical and experimental results is found and
this accordance is confirmed, at least for the shape, also for TKE profiles and for
the trend of TKE along the channel, even if also for these quantities a discrepancy
in the numerical values, up to an order of magnitude, is observed. In general,
a quite reasonble ability in matching experimental results is observed for the LES
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simulation, at least for the trends and the shapes, and it is noted for all the locations
where the profiles have been extracted; moreover, the accordance between numerical
and experimental results is independent from the Re number of the measurements
run.
About LIF measurements, mean and RMS quantities related to the concentra-
tion fields have been calculated, based on the fluorescence light emitted by a dye
introduced in the lower stream during the laser illumination. Measurements have
been performed both with unstratified and stratified fluids (∆ρ = 0% and ∆ρ > 0%,
respectively). It has been noted that the mixing between the streams increases with
the x−distance from the tip of the splitter plate and with increasing the Re num-
ber. The density gradient between the streams plays an important role in mixing,
since it substantially inhibits it. In the measurements performed with high density
difference (∆ρ = 3% and ∆ρ = 5%) and at low Re number, the mixing results sup-
pressed. This can be observed both by the mean and the RMS profiles. Concerning
the presence of coherent and visible structures in the flow, the analysis of the raw
images reveal their presence only for the unstratified measurements, while also with
a small stratification (∆ρ = 1%) the interface between the streams appears more
confused and blurry. A dimensionless analysis was performed both for mean and
RMS concentration profiles, respectively; from the comparison between the results
obtained for all the extracted values, it was observed that all the profiles collapse
into a unique curve, independent from the Re number, from the locations where the
profiles have been extracted and from the density gradient. This makes the flow
self-preserving and the profiles of concentration as self-similar. The most important
parameter, both for the development of the mixing zone and for the self-similarity
of the profiles, is the thickness of the mixing zone (δh and δhr for the mean and
RMS, respectively) which characterizes the whole processes.
In general, the results obtained in this work consist in a set of data which could
also be used in future for a deeper comparison with numerical results from CFD
simulations and for the validation of CFD codes.
5.2 Future perspectives
Some ideas for the improvement of the facility and for a deeper analysis of the
turbulent mixing between the streams came out during this work.
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5.2.1 Improvement the facility
The control of the flow rate of the lower stream has been one of the most important
problems in performing the experiments. Almost all the measurements have been
performed operating directly on the valves of the facility, with the pumps set in
an uncontrolled mode, allowing only a manual control on the frequency: this may
explain the differences (although very small) between the velocities of the streams.
The use of the new inlet section poses additional problems: the inlet flow section
is made by acrylic glass, with some parts glued together and this may cause the
presence of not perfectly smooth walls. Moreover, the velocity profiles at the splitter
plate are less smooth and flat in comparison with those obtained with the old inlet.
So an improvement in the control of the flow and in the design of the inlet is required
to have a higher accuracy of the results.
5.2.2 Extension of the measurements
About the performed measurements, the turbulent mixing between the streams
has been studied only with laser techniques. From this point of view, the use of
other techniques would make possible the comparison among different measuring
approaches. The measurements could be extended to the use of Wire-Mesh Sensors
(WMS) proposed by Prasser et al. (1998), which are able to give the concentration
map of the flow based on the electrical conduction values of the flow and which
can give additional information about the growth of the mixing zone. WMS can be
transversal, returning information in a certain section of the channel, or wall sensor,
giving the concentration at a wall of the channel. WMS are thin grids of conductive
material and so they are an intrusive measuring technique and could perturb the
flow: for this reason they are recommended only downstream the test section, as it
is shown in figure 5.1.
Furthermore, other laser techniques could be employed on GEMIX, as Laser
Doppler Anemometry (LDA), which gives velocity information in one point of the
flow and which could give results to compare to the other laser techniques.
An important improvement in the measurements, could be the ability in mea-
suring the flow very close to the walls of the channel: these zones are at this moment
excluded from the measurements, because of the too high reflection detected, that
requires the application of an iron screen to mask it.
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Figure 5.1: Proposal about possible WMS location and expected qualitative prediction.
In addition, an important extension of the measurements matrix could be the in-
clusion of laminar flows, reducing the flow rates imposed by the pumps and therefore
the turbulence.
5.2.3 Extension of analysis of the measurements
Concerning the measurments made, the analysis of the PIV data collected should be
extended to ∆ρ = 3% and ∆ρ = 5% series, which could be analyzed with techniques
different from the standard cross-correlation, as optical flow (OF) (Kapulla et al.
(2009)), which allows to have results also in presence of sharp density gradients even
if with an increase of the computational effort.
Finally, in this thesis the velocity and concentration fields have been investi-
gated without establishing a direct connection between them: the future work may
examine better the link between the two fields, exploring when and eventually how
the concentration field influences the velocity one.
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GEMIX facility components
Savoir o connaˆıtre? Il est bien plus beau de
savoir quelque chose de tout, que de savoir tout
d’une chose.
Blaise Pascal (1623 - 1662)
H
ere the most important components of GEMIX (GEnericMIxing EXperiments)
are presented. GEMIX consists in a square section 50× 50 mm acrylic chan-
nel; we can ideally divide GEMIX into the part upstream and downstream the inlet
section.
A.1 Upstream components
The upstream parts carry both the streams from the tank to the test section; the
tanks, the pumps, the flow meters and the heater belong to this section. The tanks
(figure A.1-a)) are in number of two, and they have a capacity of Vtank = 2000 l
each. TAP tank is fed with tap water, while the latter contains demiralized water;
moreover, TAP tank is the tank where the density difference is established, heating
or adding sugar and it is directly connected with iron tubes to the heater, which
can provide a power of Q˙heater = 1250 kW . The pump stations (figure A.1-b))
are placed downstream the tanks; they are two GRUNDFOS pumps, provided with
remote control and which adjust the flow rates to feed operating on their rotational
frequency with a feed-back control from the downstream flow-meters (figure A.2);
the measured flow rate gives then a feed-back control to the pump, which adjusts
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the frequency on the basis of the nominal imposed flow rate. The pumps used for
GEMIX can provide a maximum flow rate of V˙max = 9 m
3/min. The two small
syringe pumps are placed above the flow meters and operate directly on the iron
tubes downstream their location; they have been used to feed the seeding particles
and the fluorescent dye. Before the inlet section, a system of valves operates to
allow the selection of the connection to the different inlet nozzles: it is possible to
decide also to perform measurements with unstable stratifications (heavier fluid on
the top), even if for this experimental session, the heavier fluid has been fed to the
lower nozzle for all the measurements.
(a) (b)
Figure A.1: Parts of GEMIX facility: upstream parts; tanks(a), pump stations (b).
A.2 Downstream components
The two streams are then pumped to the inlet nozzles, which allow the flow entering
the test channel (figure A.3); the streams run through the inlet section, which is
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Figure A.2: Parts of GEMIX facility: upstream parts: flow-meters.
provided with a splitter plate to keep the fluids separated. Moreover, the inlet
section is equipped with honeycombs and grids, which destroy the boundary layer
and make the velocity profiles flat and free from rotational components at the end
of the splitter plate. For this measurements session, a new inlet was installed on
GEMIX, which is different from the previous, both in length (Lnew = 820 mm while
Lold = 1245 mm) and in the locations of the grids; the new test section is provided
with three grids at x1 = 80 mm, x2 = 300 mm and x3 = 520 mm from the tip of
the splitter plate, respectively, having a mesh gap of δ1 = δ2 = 1.25 mm and δ3 = 4
mm and a thickness of the wires of of d1 = d2 = 0.4 mm and d3 = 1 mm. The
mixing starts at the end of the splitter plate. The laser techniques used on GEMIX,
cover a part of the channel of appoximately Lexp ≈ 500 mm length. The upper
and the lower part of the channel present a very strong reflection, so a screen is
required both for safety reasons and not to affect the quality of the measurements
(figure A.4). Downstream the test section, the streams continue to mix themselves,
but no data are collected. A basin (figure A.5) is placed at the end of the acrylic
channel: it has the double function to mantain the channel full of water during the
measurements and to purge the water to the drainage, since GEMIX is a open loop
facility. The GEMIX facility design allows the measurement of the mixing process
at different distances from the end of the splitter plate. The flexibility of GEMIX is
due to the fact that the channel can be combined in different ways, since it is built
with a set of channel elements (figure A.5 and table A.1) of different length that
can be combined in a flexible way.
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Figure A.3: Parts of GEMIX facility; downstream parts: inlet section.
(a)
(b)
Figure A.4: Parts of GEMIX facility: downstream parts; particular of the test section
(view from the cameras) during the setup of the experiments (a) and during
the measurements (b).
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Figure A.5: Parts of GEMIX facility: downstream parts; outflow basin.
Figure A.6: Parts of GEMIX facility; different elements available to combine different
channel configurations.
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Name Part name lenght [mm]
B 500
C 400
D 300
E 250
F 200
G 100
H 20
I (outlet) 500
X (PIV channel) 500
Table A.1: Description of the different channel parts available for GEMIX (square channel,
50× 50 mm).
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Sulforhodamine G
“I am half-sick of shadows”, said the Lady of
Shalott.
The Lady of Shalott,
Alfred Lord Tennyson (1809-1892)
T
he selection of a specific dye as a tracer depends on a variety of factors, in-
cluding the purpose of the experiment and the chemical characteristics of
the medium and of the solvent. In the choice of the dye it has to be reminded
(Behrens et al. (2001) and OFEV (2009)):
• the dye should not degradate itself during its run through the medium;
• the dye should not be affected by changes in the physical and chemical struc-
ture of the medium;
• the dye should have a low impact with the environment; moreover safety must
be guaranteed.
The environmental impact of the dye has to be taken in account, especially
where the solvent and the dye are purged directly at the drainage. Sulforhodamine
G (or Acid Red or Amido-rhodamine G) can be used as a low-impact dye in laser
measurements: in this work it has been used as dye for LIF measurements.
It is classified by the Federal Office for the Environment (FOEN) of the De-
partment of the Environment, Transport, Energy and Communications of the Swiss
Confederation as particularly safe (OFEV (2009)), as shown in table B.1, where are
APPENDIX B. Sulforhodamine G
reported all the different dyes taken in account to be used for the LIF measuremnts
perfomed in this work.
Name Spectre [nm] Toxicity
Absor/Emiss
Sulforhodamine G 528/555 Inoffensive
Sulforhodamine B 561/586 Toxic for the environment
Rhodamine B 551/576 Not recommended
Rhodamine WT 558/583 Not recommended
Uranine 490/515 Inoffensive
Table B.1: Dye properties.
Sulforhodamine G (chemical formula: C25H25N2NaO7S2; chemical structure: re-
ported in figure B.1 and found on the SIGMA-ALDRICH web site) has been chosen
because it presents a low toxicity and a maximum wavelength of absorption (ap-
proximately λdye ≈ 528 nm) in good agreement with the laser emission wavelength,
which is equal to λLASER ≈ 532 nm.
The absorbance (which is the property of absorbing radiation) for Sulforho-
damine G as a function of the wavelength is presented in fugure B.2.
The dye with the less toxicity and the highest return (more than Sulforhodamine
G) is Uranin, also known as Fluorescein, but it does not provide an acceptable ab-
sorption at the maximum emission wavelength of the laser used in LIF measure-
ments, as it is shown in figure B.3, having a too low maximum absorpion wavelength
in comparison with the laser used.
About Sulforhodamine B, rhodamine B and rhodamine WT, they have not been
taken in account because of toxicity warnings; Sulforhodamine B is safe in term of
human toxicity, but unsafe for the environment; so its use should be evaluate case
by case. On the contrary, rhodamine B and rhodamine WT are both unsafe for the
environment and for humans.
Sulforhodamine G is sold as a red powder, which gives a typical dense, red color
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Figure B.1: Chemical Structure of Sulforhodamine G.
Figure B.2: Absorpion coefficient as a function of wavelength for Sulforhodamine G dye.
to the solvent (in this case, water) with which is mixed. Also if it is soluble in water,
it has been quite difficult to remove and dissolve completely all the powder grains
during the experimental setup.
For the LIF measurements of this work, Sulforhodamine G has been bought by
Sigma-Aldrich, which also sent us a specification sheet, as reported in table B.2 for
95
APPENDIX B. Sulforhodamine G
Figure B.3: Absorpion coefficient as a function of wavelength for Uranin dye.
some properties. Sulfothodamine G does not present any particular warning, con-
cernig the safety and the security in the laboratory environment; anyway common
sense devices have to be taken in account (as in typical and ordinary laboratory
life), as the use of gloves in managing the dye, avoid to touch and inhale directly
the dye and washing of the experimental test section with water after each running
Briggs et al. (1996),Thorpe (1973),Kapulla (2009).
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Product Name Sulforhodamine G
Dye content 60%
Molecular Weight 530/555
Sulforhodamine B 552.6
Appearence (color) Red to maroon
Appearence (form) powder
Infrared Spectrum conform to structure
wavelength 526-532 nm
Extinction coefficient ≥ 74000
wavelength 345-351 nm
Extinction coefficient ≥ 8000
wavelength 192-298 nm
Extinction coefficient ≥ 11000
wavelength 272-278 nm
Extinction coefficient ≥ 14000
wavelength 246-252 nm
Carbon ≥ 32.6%
Nitrogen ≥ 2.6%
Table B.2: Sulforhodamine G properties (from Sigma-Aldrich).
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